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Abstract 


The  objective  of  the  program  is  to  develop  a  Memory  Distribution  Network  (MDM)  for 
parallel  access  to  secondary  storage  (devices)  for  high  performance  computing.  The  secondary 
storage  was  a  large  page  oriented  memory.  It  was  to  be  connected  to  a  smaller  array  of  electronic 
processors  for  information  retrieval.  We  have  designed  and  constructed  a  novel  reconfigurable 
interconnection  scheme  that  allows  a  4x4  arrays  of  32x32  bits  page  oriented  optical  memory  be 
parallel  accessed  with  five  different  interconnection  topologies  using  wavelength  tuning.  We  have 
also  designed,  fabricated  and  tested  the  MOSIS  chips  that  would  process  pages  of  32x32  bits 
information  received  from  the  large  memory  before  transferring  the  processed  information  to  the 
smaller  array  of  electronic  processors.  The  system  was  capable  of  operating  at  10  MHz  with  a 
memory  retrieval  throughput  of  Ifr^  Mbits/sec.  We  have  also  demonstrated  the  application  of 
parallel  database  search  on  the  MDN  system. 
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I.  Statement  of  the  Problem 


Technologies  for  storing  information  optically  is  advancing  to  3D  parallel  access 
optical  memory,  such  as  volume  hologram,  spectral  hole  burning,  and  2-photon  based 
memories.  All  of  these  technologies  rely  on  page-oriented,  parallel  readout  of  the 
memory  with  a  space-bandwidth  product  on  the  order  of  10*^  or  larger.  However,  the 
array  size  of  parallel  opto-electronic  or  arbitrary  electronic  processing  element  (APE) 
array  is  usually  less  than  10^  due  to  the  limitation  of  electronic  CMOS  fabrication.  A 
physical  as  well  as  logical  size  mismatch  exits  between  the  parallel  access  optical 
memory  and  the  APE  array.  Therefore,  a  novel  optical  interconnection  technology  is 
required  to  interface  between  memory  and  APE  array.  In  general,  we  would  like  to  be 
able  to  access  any  bit  of  information  from  the  recalled  memory  page  by  any  processor  in 
the  APE  array.  However,  many  applications  require  each  APE  to  access  only  limited 
sub-array  in  the  recalled  memory  page.  To  support  such  applications,  the  interface 
should  be  constructed  allowing  each  APE  with  full  connectivity  to  a  sub-array  of  the 
memory. 


n.  Program  Goal 

The  goal  of  this  project  is  to  develop  a  Memory  Distribution  Network  (MDN)  for 
parallel  access  secondary  storage  devices  for  high  performance  computing.  To 
accomplish  this  goal,  we  will  develop  a  free-space  reconfigurabe  interconnect  system  for 
achieving  interconnects  between  memory  and  APE  array  and  to  develop  a  memory 
interconnection  processors  (MIPs)  using  opto-electronic  integrated  circuits  for 
preprocessing  the  information  from  the  memory. 

The  MDN  system  should  be  demonstrated  with  the  following  specific 
technological  objectives.  The  MIPs  will  be  designed  and  constructed  to  interconnect  a 
16x16  array  of  APEs  with  16x16  bit  plane-oriented  parallel  access  optical  memory  where 
the  size  of  the  accessible  sub-array  will  be  4x4.  The  system  will  be  designed  to  operate 
with  interconnection  speed  of  30kHz  and  to  retrieve  from  the  memory  256  Mbit/sec.  The 
memory  will  allow  storage  of  32  bit  planes,  each  of  16x16  bits.  The  memory  access  time 
will  be  designed  to  provide  the  necessary  throughput  of  256  Mbit/sec.  Application  of 
database  search  or  image  processing  where  massive  amounts  of  data  have  to  be  processed 
in  parallel  will  be  demonstrated  using  our  MDN  system. 
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ni.  Technical  Approach 


To  accomplish  the  program  goal,  our  technical  approach  was  set  as  follows:  (1) 
semi  space-variant  optical  interconnect  to  image  memory  sub-fields  to  the  desired 
locations  on  the  MIPS  via  a  holographic  lens  array;  (2)  wavelength  multiplexed  lens  array 
to  achieve  reconfigurable  interconnects;  (3)  an  array  of  MIPs  to  do  preprocess. 

Fig.l  shows  the  schematic  diagram  of  our  approach.  A  holographically 
multiplexed  lens  array  in  conjunction  with  a  MIP  array  is  used  to  distribute  the  data  from 
a  mass  parallel  memory  to  a  parallel  processing  array.  Selecting  different  lenslets  from 
the  multiplexed  lenslets  allows  the  routing  of  portions  (sub-fields)  of  the  large  (10<5)  bit 
plane  memory  pages  to  the  appropriate  optoelectronic  MIPs.  The  MIPs  then  select  the 
requested  information  from  the  memory  sub-field  and  forward  them  to  the  PEs  that 
requested  them.  Different  sub-filed  of  the  selected  memory  page  can  be  routed  to 
different  MIPs  by  tuning  the  wavelength  of  illumination.  This  allows  us  to  select  at  run 
time  among  several  sets  of  interconnections  (e.g.  shifting,  broadcasting,  etc.). 


Memory  Distribution  Network 

I - 

Functionality  for  ' 

a  single  wavelength 


Input  Bit  Plane  Multiplexed  HOE  airay  MIP  array  APE  array 


Fig.l.  Schematic  diagram  of  the  Memory  Distribution  Network. 
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Our  approach  towards  optical  interconnection  is  unique  in  several  aspects:  (1)  It 
requires  much  fewer  interconnect  stage  than  the  other  approaches  for  multistage 
interconnection  network.  For  m  multiplexed  lenses  in  a  crystal  volume,  the  number  of 
stages  is  reduced  by  a  factor  of  m/2.  (2)  It  can  accommodate  parallel  broadcasting  and 
permutations  of  many  data  channels  (e.g.,  64  bits)  rather  than  single  bit  wide  channels. 
(3)  Given  sufficient  storage  capacity  in  the  crystals  so  that  many  multiplexed  lenslets  can 
be  stored,  our  MDN  approach  can  implement  a  variety  of  architectures  (regular  as  well  as 
irregular,  existing  or  future  interconnect  architectures).  (4)  The  using  of  MIPs  provides 
additional  programmability  (in  electronics)  combined  with  the  programmability  of  HOE 
to  support  efficient  memory  distribution. 


VI.  Accomplishments 

The  MDN  project  was  accomplished  with  the  performance  better  than  the  original 
program  goal  specification  except  that  MIP  array  size  was  8x8  instead  of  16x16  due  to 
the  cost  consideration;  however,  the  result  can  be  extended  to  large  size.  The  MDN 
system  was  designed,  constructed,  and  implemented  using  a  novel  wavelength 
multiplexed  volume  holographic  lens  array.  We  have  demonstrated  parallel  access  of  a 
32x32  bit  page-oriented  optical  memory  with  5  different  interconnect  topologies  using 
wavelength  reconfiguration.  The  system  was  designed  to  operate  at  lOMHz  with  a 
memory  retrieving  throughput  of  10^  Mbit/sec.  An  8x8  MIP  array  was  designed,  and  it 
was  integrated  into  the  MDN  system.  Application  of  parallel  database  search  was 
demonstrated  on  the  MDN  system. 

The  accomplishments  for  the  MDN  project  can  be  summarized  into  four  parts: 
optical  components  development,  electronic  chip  development,  automated  exposure 
system  construction,  and  MDN  system  demonstration.  For  optical  components 
development,  we  have  explored  and  characterized  a  new  type  of  LiNbOs  photorefractive 
crystal  that  is  sensitive  in  near  infrared  (NIR)  wavelength;  we  have  also  fabricated 
wavelength  multiplexed  holographic  lens  array  in  this  NIR  crystal  and  characterized  its 
performance.  For  electronic  chip  development,  we  have  designed  and  tested  two  chips 
fabricated  through  MOSIS.  MIP  functions  were  implemented  on  the  chips.  For  reducing 
the  fabrication  cost,  we  have  constructed  an  automated  exposure  system  which  is  capable 
of  fabricating  wavelength  multiplexed  lens  array  for  arbitrary  interconnect  architectures. 
For  MDN  system  demonstration,  we  integrated  the  MOSIS  MIP  chip  into  the  MDN 
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system  and  demonstrated  parallel  database  search  application.  The  detailed  report  on  the 
accomplishments  is  in  the  following. 


4.1.  Optical  Components  Development 

4.1.1.  Near  Infrared  Photorefractive  LiNbOs 

High  power  semiconductor  lasers  are  operating  at  NIR  wavelength;  however, 
there  are  very  few  existing  holographic  materials  sensitive  to  NIR  spectrum.  The 
dichromated  gelatin,  photopolymers  (Dupont’s  and  Polaroid's),  as  well  as  most 
ferroelectric  photorefractive  materials  cannot  record  holograms  in  NIR.  We  have 
explored  the  possibility  of  recording  holograms  at  NIR  in  photorefractive  lithium  niobate 
that  was  specially  treated.  We  found  that  an  argon  annealed  0.1%  (mole)  Fe  doped 
LiNbOs  provided  by  Prof.  Liang-Ying  Xu  of  the  Shanghai  Institute  of  Ceramics  has  good 
sensitivity  in  NIR.  We  have  characterized  such  a  sample,  for  recording  the  wavelength 
multiplexed  lens  array  necessary  for  our  approach  to  MDN. 


0  1000  2000  3000  4000  5000  6000  7000  8000 


Time  (t,  sec) 

Fig.2  Comparison  of  holographic  recording  dynamics  at  790  nm  for  three 
different  LiNbOs  samples. 


5 


Fig.3.  Image  formed  by  a  2x2  photorefractive  lens  array 

Using  a  tunable  Titanium  Sapphire  laser,  three  important  characteristics  of  the 
material  can  be  evaluated:  the  sensitivity  of  the  material,  the  saturation  efficiency  of  the 
material,  and  the  wavelength  separation  between  multiplexed  holograms.  To  appreciate 
the  improvement  in  NIR  sensitivity  of  that  sample  from  the  Shanghai  Institute  of 
Ceramics  demonstrates  over  a  standard  doping  of  lithium  niobate  (Crystal  Technology), 
Fig.2  compares  the  writing  dynamics  of  the  two  samples  at  790  nm.  It  can  be  seen  that 
Shanghai  Institute  of  Ceramics  sample  records  much  faster  than  the  Crystal  Technology 
sample.  The  sensitivity  of  the  Shanghai  Institute  of  Ceramics  is  5  x  lO'^  cm^/J.  The 
saturation  efficiency  of  a  1  mm  thick  hologram  is  40%  (including  absorption).  The 
wavelength  selectivity  of  this  1  mm  was  measured  to  be  0.15  nm.  This  indicates  that 
holograms  can  be  stored  as  close  as  0.3  nm  apart.  Allowing  for  many  configurations  of 
the  lens  array  to  be  superimposed  using  a  laser  with  a  relatively  short  tuning  range.  See 
Appendix  A  for  more  detailed  information. 

4.1.2.  Photorefractive  Holographic  Lens  Array  Analysis 

The  lens  array  was  analyzed  using  geometric  and  diffractive  optical  techniques  to 
determine  the  appropriate  design.  The  geometric  analysis  determined  the  effects  of  off- 
axis  imaging  on  the  spot  size  and  distortion  of  the  image.  The  diffraction  analysis 
determined  the  diffraction  limited  spot  size  and  the  Bragg  limited  field  of  view.  The 
Bragg  limited  field  of  view  is  an  effect  that  reduces  the  size  of  an  image  due  to  the 
angular  selectivity  of  a  volume  holographic  lens.  If  an  off-axis  lens  is  recorded,  the  size 
of  the  image  from  that  lens  is  inversely  proportional  to  the  distance  off-axis  of  the  image. 
By  combining  these  two  effects,  an  optimum  design  could  be  achieved.  Given  other 
constraints  in  the  construction  of  the  system,  the  optimum  design  was  to  use  a  lens  anay 
with  a  focal  length  of  40  mm  and  a  lens  size  of  2  mm.  With  this  design,  lenses  in  the 


array  could  redirect  portions  of  the  input  image  to  25  possible  (non-overlapping) 
destinations  and  still  retain  a  2  mm  field  of  view.  A  larger  number  of  destinations  could 
be  achieved  by  reducing  the  field  of  view.  The  predicted  spot  size  for  this  design  was 
diffraction  limited  at  32  microns.  Fig.3  shows  an  image  formed  by  a  2x2  photorefractive 
lens  array.  See  Appendix  B  for  more  detailed  information  on  geometric  analysis. 
Appendix  C  on  diffraction  analysis;  and  Appendix  D  on  design  optimization. 

4.1.3.  Wavelength  Multiplexed  Photorefractive  Lens  Array 

The  lens  array  was  tested  independently  of  the  chip  to  verify  its  performance 
before  integrating  with  the  MIP  chip.  Several  prototype  lens  arrays  were  fabricated  using 
a  custom  automated  exposure  system.  A  4  x  4  lens  array  was  recorded  in  the  NIR 
sensitive  photorefractive  LiNbOs  sample  mentioned  in  Section  5.1.1  and  Appendix  A 
with  five  separate  configurations  of  the  lens  array  interconnect  stored  in  the  crystal  (i.e. 
five  lens  arrays  were  wavelength  multiplexed).  The  lens  array  was  tested  using  the 
optical  system  diagrammed  in  Fig.4.  The  vertical  polarized  input  image  enters  a 
polarizing  beam  splitter  and  reflects  toward  a  quarter-wave  plate.  The  image  is  then 
right-hand  circularly  polarized  when  it  strikes  the  holograms  in  LiNb03.  The  reflection 
from  the  holograms  then  passes  through  the  quarter-wave  plate  and  is  horizontally 
polarized,  allow  it  to  pass  through  the  beam-splitter  and  be  imaged  to  a  CCD  camera. 


Optical  Input 


Lens  Array 


Fig.4.  Optical  system  for  implementing  a  reconfigurable  semi-space-variant 

interconnect. 
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The  following  performance  criteria  were  evaluated:  spot  size,  field  of  view, 
efficiency,  wavelength  separation,  and  crosstalk.  The  spot  size  was  measured  to  be  38 
microns,  close  to  the  predicted  design  value.  The  field  of  view  was  undistorted  at  a  full  2 
mm  Off-axis  lenses  were  used  to  further  evaluate  the  field  of  view.  Image  shifting  of 
over  2.8  mm  was  achieved  without  reduction  in  field  of  view.  For  1  mm  images,  a 
mayimnm  image  shift  of  5.6  mm  was  measured.  The  efficiency  of  each  holographic  lens 
was  measured  to  be  1%.  This  value  is  significantly  lower  than  the  saturation  efficiency 
because  by  multiplexing  lenses,  the  storage  capacity  of  the  hologram  is  divided  between 
each  hologram.  The  wavelength  separation  was  0.4  nm  to  1.0  nm.  This  was  a  result  of 
limitations  in  the  illumination  source.  Even  with  the  lenses  that  were  separated  by  0.4  nm 
the  crosstalk  from  the  stored  holograms  was  less  than  0.4%  of  the  signal  of  the  primary 
reconstruction.  Crosstalk  from  lenses  adjacent  in  the  array  was  less  than  4%  of  the 
primary  reconstruction.  Fig. 5  shows  5  different  interconnect  topologies  implemented  by 
a  4x4  wavelength  multiplexed  lens  array.  See  Appendix  E  for  more  detailed  information. 
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Fig.5.  Different  interconnect  topologies  implemented  by  a  4x4  wavelength  multiplexed 
lenses  array,  (a)  Vertical  half-fold  (stage  =  799.8  nm),  (b)  horizontal  half-fold  (stage 
2:X  =  796.6  nm),  (c)  vertical  quarter-fold  (stage  3:X=  801.1  nm),  (d)  horizontal  quarter¬ 
fold  (stage  A\X  =  798.2  nm),  (e)  straight-through  interconnect  (stage  5:  X  =  798.8  nm). 
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4.2.  Electronic  Chip  Development 


Two  electronic  “Tiny”  chips  are  fabricated  through  MOSIS,  implementing  a  MIP 
element  in  CMOS  2  micron  technology.  The  first  chip  (see  Fig.6)  implements  a  dense 
detector  design  (8x8  array,  125  micron  spacing)  with  a  basic  bit  selection  circuit  to  test 
the  limitations  of  the  optical  interconnect.  The  size  of  the  sensitive  areas  of  the 
photodetectors  are  25  x  25  iim.  These  detectors  have  been  characterized  up  to  10  MHz, 
showing  the  trade-off  between  sensitivity  and  speed  at  various  level  of  optical  input 
power.  The  eye  diagram  at  1  MHz  (Fig.7)  shows  a  good  falling  edge  with  approximately 
2  ixW  of  light  power  (at  830  nm,  output  of  a  laser  diode)  pulsed  at  random  (50%)  duty 
cycle  and  a  good  rising  edge  resulting  from  the  precharge.  They  can  also  be  operated  at 
lower  light  level.  A  sensitivity  of  0.2  |iW  has  been  demonstrated  at  100  KHz. 


2x2  MIPS  array 


Fig.7.  The  eye  diagram  of  the  first  MIP  chip  at  IMHz 


The  second  chip  (4x4  array,  250  micron  spacing)  has  the  additional  capability  of 
computing  in  parallel  the  Hamming  distance  between  the  16  bit  input  image  and  a 
reference  image  (see  Fig.8).  A  set  of  reference  images  are  stored  locally  in  the  parallel 
shift  register  of  each  MIP  element.  The  shift  register  can  be  loaded  either  from  the 
memory  side  (in  parallel)  or  from  the  PE  side  (serially).  The  distance  is  computed 
asynchronously  by  a  Wallace  tree  of  adders,  more  efficient  for  adding  binary  pixels  than 
a  conventional  tree  of  adders.  The  execution  of  this  computing  primitive  “on-the-fly”  at 
the  MIP  level  will  alleviate  the  workload  of  the  PEs  in  various  applications  (for  example, 
pattern  matching  in  image  processing,  database  searching,  associative  memory,  etc.).  A 
PLZT  modulator  will  be  flip-chip  bonded  to  each  of  the  MIP  elements,  to  provide  an 
optical  output  to  communicate  directly  with  its  corresponding  PE  in  the  processing  array. 

Since  the  MDN  system  has  the  capability  to  transmit  wide  (e.g.,  64  bit)  channels 
of  memory,  it  lends  itself  for  applications  that  require  intensive  memory  access.  We 
anticipate  the  current  design  to  scale  up  to  an  array  of  128  x  128  PEs.  With  a  64  bit  wide 
channel  per  PE,  this  yields  a  cross  section  of  1  Mb,  to  be  accessed  at  MHz  frame  rates. 
Applications  that  would  take  advantage  of  this  capability  would  include  template 
matching  in  image  processing,  database  searching,  associative  memory,  and  parallel 
decoding  of  memory  data  to  increase  the  capacity  and  reliability  of  the  optical  memory. 


4.3.  Automated  Exposure  System 

In  order  to  rapidly  and  efficiently  expose  an  arbitrary  wavelength  multiplexed  lens 
array,  an  automated  exposure  system  was  constructed.  The  system  was  based  on  a 
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Fig.8.  The  second  MDN's  ME?  chip  designed  with  the  additional  capability  of 
computing  in  parallel  the  Hamming  distance  between  the  16  bit  input  image  and  a 

reference  image. 


computer  controlled  Ti:Sapphire  laser  and  a  series  of  computer  controlled  translation 
stages.  Fig.9  shows  a  schematic  diagram  of  the  system.  Reflection  holographic  lenses 
were  recorded  by  two  counter  propagating  beams.  The  reference  beam  is  a  fixed  lens  that 
creates  a  diverging  point  source.  The  object  beam  is  produced  by  lens  mounted  on  a 
translation  stage  and  imaged  by  a  4f  imaging  system  to  the  hologram  plane.  By  moving 
the  lens  in  the  path  of  the  object  beam,  various  off-axis  lens  elements  can  be  recorded  in 
the  array.  An  aperture  is  placed  on  each  side  of  the  holographic  substrate  in  order  to 
isolate  a  single  element  in  the  lens  array  for  recording.  The  holographic  material,  lithium 
niobate,  was  mounted  on  a  kinematic  mount  in  order  to  reliably  move  the  lens  array 
between  the  reconstruction  system  and  the  recording  system. 
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Computer 


Fig.9.  Automated  exposure  system  for  recording  volume  holographic  lens  array. 

4.4.  MDN  System  Demonstration 
4.4.1.  System  Construction 

A  demonstration  system  for  opto-electronic  memory  distribution  was  built  and 
tested.  The  system  was  constructed  using  a  tunable  Ti:Sapphire  laser,  a  fixed  input 
memory  page,  the  lens  array  and  MOSIS  MIP  chip  described  previously  integrated  with 
a  486-33  MHz  PC  to  act  as  the  processing  element.  The  PC  could  request  portions  of  the 
optical  memory  by  controlling  the  wavelength  of  the  Ti:Sapphire  laser.  It  would  then 
receive  the  data  via  a  chip  tester  connect  directly  to  the  MIP  chip.  A  block  diagram  is 
provided  in  Fig.  10.  The  chip  was  aligned  to  the  optical  interconnect  to  within  10  microns 
in  the  lateral  direction,  130  microns  along  the  optical  axis,  and  to  within  10  millirad 
rotation. 

Using  the  MOSIS  MIP  chip,  signals  of  as  low  as  40  nW  could  be  detected  at  a 
rate  of  1  kHz  for  each  detector.  With  sufficient  power,  (1  MHz/|iW)  this  design  should 
be  able  to  achieve  a  maximum  speed  of  10  MHz  detection  rate.  By  designing  with  a 
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Fig.  10.  Block  diagram  of  the  experimental  memory  distribution  network. 

more  aggressive  feature  size  (0.8  microns),  correlation,  convolution,  integer  math 
functions  should  be  possible  at  speeds  approaching  10  MHz.  See  Appendix  F  for  more 
detailed  information. 

4.4.2.  Application  Demonstration  -  Parallel  Database  Search 

Using  this  prototype  system,  it  was  possible  to  demonstrate  how  a  large  array 
memory  distribution  network  would  be  used  to  implement  a  parallel  database  search 
through  an  optical  memory.  Data  can  be  encoded  on  a  field  small  enough  for  a  single 
element  in  the  MIP  array  to  read  (64  pixels  for  this  demonstration).  By  recording  the 
appropriate  lens  array,  the  entire  memory  page  can  be  scanned  and  compared  with  keys 
stored  in  the  MIP  array.  Once  the  appropriate  information  is  found,  the  results  can  then 
be  transferred  to  a  more  powerful  processing  array. 

An  application  based  on  airline  travel  data  was  developed.  Data  was  encoded  on 
a  single  page  of  an  optical  memory  and  presented  as  an  input  to  the  lens  array.  A  host  PC 
would  request  several  portions  of  the  memory  page  by  changing  the  wavelength  of 
illumination.  The  interconnect  would  reconfigure  and  transfer  that  information  via  the 
MIP  chip  to  the  host  PC.  The  PC  would  then  decode  the  data  and  search  for  specific 
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Fig.l  1.  Four  configurations  of  the  interconnect  used  to  demonstrate  parallel 
search  of  a  page  oriented  memory. 


flight  information.  Fig.  1 1  shows  the  reconstruction  of  the  data  page  from  the  optical 
interconnect.  The  data  requested  by  the  PC  is  shown  is  a  separate  figure  (Fig.  12).  This 
data  is  encoded  in  a  binary  format  to  include  destination  location,  arrival  and  departure 
times,  as  well  as  the  airline  carrier.  Fig  13  depicts  the  software  application  developed  on 
the  PC  to  interface  with  the  memory  distribution  network.  Notice  that  the  output  of  the 
software  application  matches  the  data  requested  by  the  PC  when  wavelength  1  is  used. 
See  Appendix  G  for  more  detailed  information. 
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Fig.  13.  Software  on  PC  to  control  the  laser  wavelength,  receive  the  MIP  chip 
transmission,  and  search  entries  in  the  database. 
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V.  Conclusion  and  Future  Work 


The  goal  of  the  program  was  to  investigate  reconfigurable  interconnect  scheme  for 
interfacing  a  large  page-oriented  optical  memory  to  a  smaller  processor  array  as  an  attempt 
to  solve  the  interconnect  bottleneck  that  exist  between  the  secondary  storage  and  processors 
in  high  performance  computing.  We  have  successfully  developed  a  novel  reconfigurable 
interconnection  scheme  based  on  the  use  of  volume  holograms  that  are  wavelength  tunable 
and  an  electronic  array  for  on-the-fly  data  preprocessing.  We  have  demonstrated  our 
concept  by  parallel  accessing  4x4  array  of  a  32x32  bit  page  oriented  optical  memory  with  5 
different  interconnection  topologies.  The  architectural  and  technological  characteristics  of 
our  MDN  make  it  suitable  to  be  assembled  in  compact  and  ragged  packages. 

The  key  technological  components  developed  in  this  project,  namely  the 
combination  of  wavelength  tunable  laser  diode  and  wavelength  multiplexed  volume 
holographic  interconnects  along  with  the  interface  chip,  are  important  developments  that 
extends  beyond  the  scope  of  this  project.  The  memory/processor  interface  is  a  subset  of  a 
more  general  class  of  interconnect  problems.  The  solution  provided  by  this  project  can  be 
extended  to  other  optical  interconnect  implementations,  especially  to  optical  interconnects 
between  multichip  modules  with  the  built-in  self- alignment  capability  of  volume 
holographic  optical  interconnects.  Hence,  a  broad  range  of  applications  including  image 
processing,  data  base  search  and  retrieval,  where  massive  parallel  data  movements  are 
needed,  can  benefit  from  the  developed  technology. 

We  recommend  continued  development  on  the  tunable  laser  diode  sources, 
materials  for  volume  holography  that  are  compatible  with  electronic  manufacturing, 
automated  exposure  system  for  the  recording  of  volume  holograms  and  compact  packaging 
concepts.  Advances  in  these  areas  will  keep  optical  interconnects  as  a  viable  technological 
solution  to  electronic  interconnect  problems  at  the  chip-to-chip  at  the  MCM  level  and  the 
MCM-to-MCM  on  a  PCB  level. 
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Appendix  A 


Characterization  of  Argon  Annealed  and  Nd  Doped  LiNbOs  at  Near 

Infrared  Wavelength 

Recent  advances  in  developing  tunable  semiconductor  laser  arrays  operating  at  the 
near  infrared  (0.8  |im  to  1.0  |im)  could  support  random  access  times  to  pre-stored 
wavelength  multiplexed  holograms  of  100  ns,  while  discrete  laser  devices  access  one  of 
twelve  multiplexed  holograms  with  a  latency  of  1  ns.  These  lasers  make  wavelength 
multiplexing  a  very  attractive  method  for  optical  interconnection  and  parallel  access  optical 
memory  applications.  However,  since  very  few  holographic  materials  exhibit  sensitivity  at 
wavelengths  longer  than  0.7  pm,  new  infrared  sensitive  materials  are  needed. 

We  have  characterized  the  infrared  properties  of  three  samples  of  c-cut  LiNbOs: 
0.05%  (mole)  Fe  doped  (Crystal  Technologies),  argon  annealed  0.1%  (mole)  Fe  dope,  and 
0.05%  (mole)  Nd  doped.  The  argon  annealed  Fe  doped  and  Nd  doped  samples  from  the 
Shanghai  Institute  of  Ceramics  were  grown  using  the  Czochralski  method  in  normal 
atmosphere.  After  poling  the  crystal,  the  Fe  doped  sample  was  annealed  in  an  argon 
atmosphere  at  10500C  for  10  hours.  The  holographic  recording  characterization  was 
performed  by  exposing  reflection  holograms  (which  have  high  wavelength  selectivity)  with 
beams  incident  at  45°  to  each  surface  using  vertical  polarization.  We  evaluated  the 
following  figures  of  merit  relevant  to  storage  applications:  absorption,  time  response, 
saturation  value  of  the  refractive  index,  energy  required  to  write  a  hologram  of  1% 
difrfaction  efficiency,  and  the  photorefractive  sensitivity. 

We  measured  the  absoiption  spectra  using  a  500  mW  TirSaphire  laser  (tunable  from 
.780  to  .920  microns)  pumped  by  an  Argon  laser.  The  absorption  constant  for  the  three 
samples  was  consistently  2.3/cm  for  the  majority  of  the  spectrum. 

Data  collected  on  the  time  evolution  of  the  diffraction  efficiency  was  converted  to 
the  time  evolution  of  the  change  in  refractive  index  using  Kogelnik’s  equations  for 
absorbing  phase  reflection  holograms. 

An  initial  comparison  was  done  at  790  nm  because  the  time  response  of  the 
visible  doped  sample  is  very  long  at  longer  wavelengths.  Figure  A1  illustrates  a  dramatic 
improvement  in  the  time  response  of  the  argon  annealed  Fe  doped  and  Nd  doped  samples 
over  the  standard  visible  Fe  doped  sample  at  790  nm.  This  measurement  indicates  that  the 
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full  characterization  of  the  new  doping  is  quite  important,  while  the  visible  doped  sample 
holds  little  interest  for  recording  at  infrared  wavelengths.  For  this  reason,  the  remaining 
figures  of  merit  are  evaluated  only  for  the  new  infrared  sensitive  sample. 

In  general,  the  time  evolution  of  the  refractive  index  modulation  fit  an 
approximation  to  the  solution  to  Kuhktarev's  Band  Transport  equations.  By  curve  fitting 
the  data,  we  determined  the  time  response  of  the  materials.  The  time  response  was  scaled 
to  100  mW/cm2  and  the  results  are  shown  in  Figure  A2.  Our  curve  fit  also  provided  the 
saturation  refractive  index  as  a  function  of  wavelength.  These  results  are  summarized  in 
Figure  A3.  In  addition,  the  energy  required  to  write  a  1%  efficient  hologram  was 
calculated  and  shown  in  Figure  A4.  The  photorefractive  sensitivity  is  a  measure  of  the 
strength  of  the  hologram  that  can  be  recorded  per  unit  of  energy  absorbed.  Although  the 
material  is  not  very  sensitive  compared  to  visible  recordings  (S  =  lO'^  cm^/J),  high 
sensitivity  is  not  critical  for  the  use  of  the  material  as  a  holographic  lens.  The  sensitivity  of 
the  anneal  sample  is  shown  in  Figure  AS. 

We  have  demonstrated  significant  sensitivity  of  holographic  recording  in  LiNbOs  to 
near  infrared  laser  diode  wavelengths  (780  nm  to  850  nm).  Use  at  shorter  wavelengths 
(780  nm  to  800  nm)  is  preferable  because  of  the  faster  time  response  and  higher  diffraction 
efficiency. 
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Fig.Al .  Comparison  of  holographic  recording  dynamics  at  790  nm  for  three  different  LiNbOs 

samples. 


Fig  A2  Time  response  at  100  mW/cm^  for  annealed  Fe-doped  (0.1%)  and  Nd-doped  (0.05%) 
■  LiNbOs. 
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Fis  A3  Saturation  modulation  index  for  annealed  Fe-doped  (0.1%)  and  Nd-doped  (0.05%) 

LiNbOs. 


Fig  A4  Comparison  of  energy  required  to  write  a  1%  efficient  grating  in  annealed  Fe-doped 

(0. 1  %)  and  Nd-doped  (0.05%)  LiNbOa. 
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Fig.A5.  Comparison  of  the  photorefractive  sensitivity  for  annealed  Fe-doped  (0.1%)  and  Nd- 

doped  (0.05%)  LiNbOs  at  100  mW/cm^. 
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Appendix  B 

Geometric  Analysis  on  Holographic  Lens  Array 

Geometric  optics  can  play  an  important  role  in  the  modelling  of  holographic 
interconnects.  The  volume  holographic  lenses  can  be  ray  traced  in  a  manner  similar  to 
refractive  components.  Using  a  commercial  package,  CodeV™,  it  was  possible  to 
simulate  many  similar  systems  to  gain  insight  into  the  particular  geometric  optics  effects 
that  dominate  the  design  of  the  lens  array  used  in  the  interconnect. 

The  lenses  were  simulated  as  holographic  elements  aligned  with  polarization 
sensitive  optics.  The  system  that  was  simulated  is  diagrammed  in  Figure  Bl.  Figure  B2 
shows  a  perspective  view  of  the  optical  system. 

Off-axis  imaging  in  both  diffractive  and  refractive  systems  can  cause  two 
problems:  astigmatism  and  distortion.  Astigmatism  tends  to  change  the  shape  and  size  of 
the  PSF  (independently  of  the  diffraction  effects  from  the  aperture).  Rays  that  are  in  the 
plane  of  the  direction  off-axis  (tangential  rays)  tend  to  focus  closer  than  rays  that  are 
perpendicular  to  the  plane  of  the  off-axis  direction  (sagittal  rays)  resulting  in  an  elongated 
PSF.  The  distortion  from  off-axis  imaging  refers  to  the  fact  that  independent  of  the  shape 
of  the  PSF,  the  center-of-mass  of  the  PSF  is  also  displaced  from  the  geometric  prediction. 
Both  of  these  phenomon  can  be  described  analytically  to  some  degree.  Typically  the 
astigmatism  grows  in  proportion  to  x2/f  where  x  is  the  image  height  and  f  is  the  focal 
length  of  the  lens.  The  distortion  tends  to  follow  a  x3  behavior.  However,  these  effects 
are  more  easily  determined  by  using  a  commercial  ray-tracing  program,  such  as 
CodeVTM.  An  example  of  the  astigmatism  and  distortion  are  shown  in  Figure  B3  and 
Figure  B4.  The  lens  chosen  as  an  example  had  the  following  specifications:  f  =  40  ram, 
1  mm  thick  LiNb03, 2  mm  in  diameter,  15  mm  off-axis  image 
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Fig.Bl.  System  used  to  simulate  spot  sizes  and  distortion  in  the  holographic  lens  array  (generated 

with  CodeV™). 


Fig.B2.  Perspective  view  of  the  simulation  system. 
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Astigmatic  Spot 


Fig.B3.  Astigmatism  from  off-axis  imaging  (f=40mm,  d=lmm,  D=2mm,  x=15mm). 
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Fig.B4.  Field  distortion  from  off-axis  imaging  (f=40mm,  d=lmm,  D=2mm,  x=15mm)  an 
example  had  the  following  specifications:  f=40mm,  1mm  thick  LiNbOs,  2mm  in  diameter ,  15mm 

off-axis  image. 
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Wavelength-multiplexed  reflective  holographic  lenses  were  recorded  in  a  1-mm-thick  Fe-doped  LiNbOa  crystal, 
A  simple  theoretical  model  based  on  Kogelnik’s  coupled-wave  theoiy  and  Kuktarev's  photorefractive-material 
equations  was  used  to  characterize  the  photorefractive  lenses  in  terms  of  Bragg-limited  field  of  view,  optimum 
space-bandwidth-product,  and  wavelength  selectivity.  Experimental  measurement  verified  the  theoretical 
calculations.  An  f/3  lens  was  recorded,  and  nearly  aperture-limited  diffraction  performance  was  observed. 
Applications  of  wavelength-multiplexed  photorefractive  lenses  were  shown  by  demonstration  of  dynamic 
focusing  and  lateral  image  shifting. 


1.  INTRODUCTION 

A  d3rnamic  optical  imaging  system  is  important  in  many 
applications,  such  as  variable  depth  imaging  in  a  three- 
dimensional  memory,^  dynamic  adjustment  in  optical  disk 
readers,  and  image  shifting  in  global  interconnections.^ 
Dynamic  focusing  lenses  have  been  investigated  with  the 
use  of  a  liquid-crystal  cell^  and  the  electro-optic  effect."^"® 
Both  of  these  approaches  are  limited  by  low  resolution, 
large  /*-number,  and  low  operating  speed.  Another  ap¬ 
proach  that  was  recently  demonstrated  uses  Fourier  fil¬ 
tering  in  a  4-/*  image  system.^  Although  this  Fourier 
filtering  method  can  be  operated  at  high  speed  (of  the 
order  of  microseconds)  with  nearly  diffraction-limited 
resolution,  it  is  limited  by  the  cross-talk  noise,  its  inten¬ 
sive  computation  of  the  hologram,  and  its  complicated 
optical  system.  Techniques  have  been  proposed  for  dy¬ 
namic  image  shifting  by  the  use  of  bireftingent  prisms,® 
flat  birefringent  plates,^  and  photorefractive  four-wave 
mixing.®  However,  the  designs  that  use  birefringence 
are  limited  by  their  achievable  shift,  and  complicated  op¬ 
tical  systems  are  required  for  shifting  in  both  directions; 
the  four-wave  mixing  approach  is  limited  by  the  photo¬ 
refractive  response  time.  In  this  paper  we  demonstrate 
a  dynamic  optical  imaging  approach,  using  wavelength- 
multiplexed  photorefractive  holographic  lenses.  By 
superimposing  many  lenses  in  a  single  volume  of  holo¬ 
graphic  material,  it  is  possible  to  select  one  of  several 
different  lenses  rapidly  [<1  ns  (Ref.  9)]  merely  by  tun¬ 
ing  the  wavelength.  The  advantages  of  this  approach 
over  the  existing  methods  are  (1)  fast  access,  i.e.,  giga¬ 
hertz;  (2)  system  simplicity  (few  components),  (3)  ease  of 
fabrication,  and  (4)  flexibility:  i.e.,  both  dynamic  focus¬ 
ing  8ind  dynamic  image  shifting  can  be  achieved  in  a 
single  element. 

Holographic  lenses  have  been  recorded  in  silver  halide 
photographic  emulsions,^®  dichromate  gelatin  films,^^*^^ 
and  holographic  photopolymer. All  these  materials 
have  a  very  limited  thickness,  i.e.,  less  than  100  /xm. 
However,  in  practical  applications  a  large  thickness  (sev¬ 
eral  millimeters)  is  required  for  reduction  of  the  wave¬ 
length  change  that  is  necessary  for  rapid  selection  of 


stored  lenses.  The  most  serious  problem  associated  with 
thick  volume  holographic  lenses  is  the  limited  field  of  view 
originating  from  Bragg  angular  selectivity. For  ex¬ 
ample,  Syms  and  Solymar  showed  that  a  field  of  view 
of  only  13®  can  be  imaged  by  a  single  holographic  lens 
recorded  in  a  S-^im-thick  Agfa  8E56,  a  high-resolution 
photographic  emulsion. The  restriction  on  field  of  view 
will  be  much  stronger  if  the  thickness  is  larger  than 
100  fim.  Our  approach  uses  a  reflection-mode  hologram 
to  achieve  two  features  simultaneously:  (1)  low  angu¬ 
lar  selectivity  to  permit  a  broad  field  of  view  and  (2) 
high  wavelength  selectivity  to  permit  large  multiplexing 
and  fast  access.  Photorefractive  materials  provide  ad¬ 
ditional  advantages  of  in-situ  recording  and  various 
achievable  thickness.  In  Section  2  we  present  theoreti¬ 
cal  calculations  of  some  of  the  characteristics  of  the 
photorefractive  lenses,  such  as  field  of  view,  space- 
bandwidth-product  optimization,  and  wavelength  selec¬ 
tivity  based  on  a  simplified  model.  In  Section  3  we 
present  the  experimental  resxilts  of  the  characterization 
of  the  lenses.  In  Section  4  we  demonstrate  the  applica¬ 
tions  of  wavelength-multiplexed  lenses  to  dynamic  focus¬ 
ing  and  lateral  image  shifting.  A  discussion  of  the  issues 
of  concern  regarding  practical  applications  is  presented 
in  Section  5,  and  the  conclusion  is  presented  in  Section  6. 

2.  THEORETICAL  ANALYSIS 

A  reflection  holographic  lens  is  typically  exposed  by  the 
use  of  two  counterpropagating  spherical  waves,  as  shown 
in  Fig.  1.  A  local  Cartesian  coordinate  system  was  cho¬ 
sen  with  the  z  axis  normal  to  the  hologram.  The  crystal 
selected  for  the  analysis  is  a  z-cut  (c  axis  perpendicular  to 
the  crystal  surface)  Fe-doped  LiNbOa  crystal.  For  sim¬ 
plification  of  the  calculation  without  loss  of  generality, 
the  point  sources  i  and  0  are  located  in  the  x-z  plane 
an  equal  distance  from  the  z  aris.  Another  simplifi¬ 
cation  introduced  is  a  local  linearity  assumption:  in  a 
very  small  region  (5x,  5y),  the  interference  between  two 
spherical  waves  is  approximated  as  the  interference  of 
two  plane  waves.  The  simplification  was  also  used  by 
Syms  and  Solymar  in  the  analysis  of  holographic  lenses 
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Fig.  1.  Three-dimensional  description  of  a  reflective  volume 
holographic  lens:  Ax,  off-axis  parameter;  2o»  object  distance; 
Ziy  image  distance;  D,  lens  aperture. 


Fig.  2.  (a)  Orientation  of  the  grating  vector  Kg.  a  is  the  angle 
between  Kg  and  the  x  axis,  and  is  the  angle  between  the  z  axis 
and  the  projection  of  Kg  onto  the  y—z  plane,  (b)  Orientation 
of  propagation  vector  p  of  the  light  beam  from  source  0.  Bo  is 
the  angle  between  p  and  the  x  axis,  and  4>  is  the  angle  between 
the  z  axis  and  the  projection  of  p  onto  the  y-z  plane. 


recorded  in  photographic  emulsion^^  and  by  Latta.^® 
The  jiiffraction  efficiency  of  the  lens  impulse  response  is 
simply  the  integration  of  the  paths  of  the  diffracted  wave 
over  the  entire  crystal  aperture: 


S{Xy  y)dxdy: 


(1) 


where  R  is  the  radius  of  the  holographic  lens  aperture  and 
S(x,  y)  is  the  amplitude  of  the  diffracted  wave.  We  cal¬ 
culated  the  diffracted  wave  by  using  Kogelnik’s  coupled- 
wave  equations  for  thick  planar  holograms^*^: 


S(x,  y)  = 


+ 


1/2 


X  coth(7?2  -  , 


(2) 


where  Cr  and  Cs  are  obliquity  factors, f  is  related  to 
the  dephasing  parameter  ^  by 


(a) 


U - - - »• 

10.2  mm 


(b) 

Fig.  3.  (a)  Image  intensity  distribution  of  uniform  object  imaged 
by  a  reflective  holographic  lens  recorded  in  a  1-mm-thick  LiNbOa 
crystal.  Parameters  of  lens  aperture  D  =  2  cm,  A  =  0.514  ^m, 
off-axis  Ax  =  0,  and  focal  length  12  cm  (F/#  6)  were  used  in 
the  calculation.  The  Bragg-limited  field  of  view  (B-FOV)  is 
calculated  to  be  10.4  mm.  (b)  Image  of  a  resolution  target 
formed  by  a  lens  simulated  in  (a).  The  measured  B-FOV  is 
10.2  mm. 
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Fig.  4,  B-FOV  as  a  function  of  off-axis  parameters  for  different 
F/#  (or  focal  length)  lenses  recorded  in  a  1-mm-thck  LiNbOa 
crystal.  Parameters  of  ~  2  cm  and  A  =  0.514  /im  were  used 
in  the  calculation. 


SBP  Lens 

Fig.  5.  Relationship  betw^een  SBP  B-FOV  and  SBP  Lens  for  dif¬ 
ferent  off-axis  parameters.  Parameters  of  Z)  =  2  cm,  d  =  \  mm, 
and  A  =  0.514  /xm  were  used  in  the  calculation. 


^  ^  Kg  cos(a  -  $0  -  A6)  -  (Ao  +  AA) 


(3) 

(4) 


and  7?  is  related  to  the  refractive-index  modulation  An  by 


7  77  An 

UCrCs)^  ' 


(5) 


where  d  is  the  crystal  thickness,  Kg  is  the  magnitude  of 
the  grating  vector  k,  a  is  the  angle  between  the  grating 
vector  k  and  the  x  axis  [see  Fig.  2(a)],  So  is  the  angle  be¬ 
tween  the  light  beam  from  source  O  and  the  x  axis  [see 
Fig.  2(b)]  measured  inside  the  material,  A^  is  the  angu¬ 
lar  deviation  from  the  Bragg  angle  during  imaging,  A  A  is 
the  wavelength  deviation  from  the  recorded  wavelength 
Ao,  and  n  is  the  refractive  index  chosen  according  to  the 
polarization  of  the  beams.  The  refractive-index  modula¬ 
tion  An  in  Eq.  (5)  is  induced  by  the  space-charge  field  by 
means  of  the  electro-optic  effect.^®  With  the  light  polar¬ 
ization  in  the  y-z  plane  and  the  fact  that  the  z  compo¬ 
nent  of  the  space-chairge  field  is  much  larger  than  the  x 
and  y  components,  the  index  modulation  recorded  in  the 
LiNbOa  crystal  can  be  expressed  as 


An  =  V2(no®ri3  cos  <f>  +  n,®r33  sin  4>)E,c  sin  a  cos  ^ ,  (6) 
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where  no  and  n^  are  the  ordinary  and  the  extraordinary 
refractive  indices,  respectively,  ria  and  raa  are  the  electro¬ 
optic  coefficients,  ^  is  the  angle  between  the  z  axis  and 
the  light  beam  (from  source  0)  projected  onto  the  y-z 
plane  measured  inside  the  material  [see  Fig.  2(b)],  a  and 
P  are  the  orientations  of  the  grating  vector  [see  Fig.  2(a)], 
and  Esc  is  the  amplitude  of  the  space-charge  field  gen¬ 
erated  by  the  optical  irradiance.  The  expression  of 
for  photovoltaic  media  (such  as  LiNbOa)  derived  by  Gu 
et  al.  based  on  Kukhtarev’s  photorefractive  theory^®  was 
used  in  our  calculations: 


Esc  —  En 


^Oph' 


[(NJNn)Eo,^f  +  (Erf  +  E,)^ 


1/2 


(7) 


where  Na  and  Nd  are  densities  of  compensative  acceptors 
and  traps,  respectively;  Eoph  is  the  photovoltaic  field  that 
is  a  constant  for  a  given  medium;  and  Ed  and  Eg  are 


Fig.  6.  Wavelength  selectivity  (AA)  as  a  function  of  crystal 
thickness  for  different  operating  wavelengths.  Parameters  of 
Ax  =  0,  D  -  2  cm  and  f  =  12  cm  (F/#  6)  w^ere  used  in  the 
calculation. 


Lens  Lens 


(a) 


object 

plane 


beam 


(b) 


Fig.  7.  Optical  setup  for  recording  a  reflective  photorefractive 
holographic  lens;  (b)  photorefractive  lens  used  to  image  an  object 
into  a  camera. 
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Lateral  dimension  of  the  image  (mm) 
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10  mm 
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the  diffusion  field  and  the  saturation  field,  respectively, 
which  depend  on  the  grating  period  and  therefore  vary 
with  the  X,  y  coordinate  (see  Fig.  1)  for  a  grating  recorded 
by  two  spherical  waves.  The  expressions  of  Ed  and  Eg  as 
a  function  of  grating  vector  Kg  are 


e 

eNANj,  -  Np) 

^  sKgNn 


(8) 

(9) 


where  ks  is  Boltzman’s  constant,  T  is  the  temperature,  e 
is  the  charge  on  the  electron,  and  e  is  the  static  dielec¬ 
tric  constant. 

We  performed  the  simulations  in  the  following  sections 
by  making  use  of  the  LiNbOa  crystal  parameters:  Uq  = 
2.28,  ne  =  2.20,  Na  =  2  X  lO^Vcm^,  Nd  =  4  X  lO^Vcm^, 
ri3  =  9.6  X  10' ^2  _  3Q  9  x  I0’i2 

used  jFoph  as  the  only  free  parameter.  Best  fits  to  the 
experiment  of  diffraction-efficiency  measurement  were  ob¬ 
tained  with  jFoph  =  5.6  kV/cm. 

A.  Bragg-Limited  Field  of  View 

Because  of  the  nature  of  Bragg  angular  selectivity  in  a 
volume  hologram,  we  expect  narrow  field  of  view  in  imag¬ 
ing  with  our  holographic  lenses.  A  uniform  input  object 
consisting  of  point  sources  with  infinitely  small  separation 
will  reconstruct  a  nonimiform  output  image,  as  shown  in 
Fig.  3.  An  on-axis  lens  (focal  length  12  cm,  F/#  6)  was 


Lateral  dimension  of  the  image  (mm) 


(c) 


H - H 

10  mm 

(d) 

Fig,  8.  Continues  on  facing  page. 

simulated;  the  result  is  displayed  in  Fig.  3(a).  The  lens 
was  then  recorded;  Fig.  3(b)  shows  a  photograph  of  a  reso¬ 
lution  target  imaged  through  the  lens,  demonstrating  the 
field  of  view.  As  indicated  in  Fig.  3,  the  field  of  an  ob¬ 
ject  that  can  be  imaged  is  limited.  Although  the  effect  of 
Bragg  angular  selectivity  on  field  of  view  was  discussed  by 
S3Tns  and  Solymar,^"*  no  detailed  analysis  has  been  given 
so  far.  Instead  of  the  conventional  definition  of  field  of 
view,  which  measures  primarily  the  effect  of  vignetting 
by  the  lens  aperture,^^  we  introduce  here  a  new  definition 
called  Bragg-limited  field  of  view  (B-FOV),  which  is  use¬ 
ful  for  characterizing  volume  holographic  lenses.  B-FOV 
measures  the  effects  of  the  Bragg  angular  selectivity  on 
the  lateral  uniformity  of  the  image  intensity.  We  define 
it  to  be  the  lateral  dimension  of  a  uniform  object  that  can 
be  imaged  with  the  intensity  variation  smaller  than  50%. 
As  an  example,  the  B-FOV  in  Fig.  3(a)  is  calculated  to  be 
10.4  mm:  the  width  of  the  diffracted  image  at  half  of  the 
maximum  intensity,  which  is  close  to  the  experimental 
measurement  of  10.2  mm  [see  Fig.  3(b)].  The  B-FOV  de¬ 
pends  strongly  on  the  lateral  separation  of  the  two  record¬ 
ing  sources  (Ax)  and  f  -number  (F/#)  of  the  holographic 
lenses.  The  F/#  is  defined  similarly  to  that  of  a  conven¬ 
tional  lens:  F/#  =  /*/Z),  where  f  is  the  focal  length  and  D 
is  the  lens  aperture.  However,  the  dependence  of  B-FOV 
on  F/#  is  mainly  through  f.  The  effect  of  D  becomes 
noticeable  only  for  very  small-F/#  lenses,  i.e.,  F/#  =  1, 
when  the  Bragg  angle  selectivity  for  the  gratings  near 
the  aperture  and  that  near  the  center  becomes  signifi¬ 
cantly  different. 
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Fig.  8.  Experimental  and  theoretical  results  of  the  Bragg  angular  selectivity  on  the  intensity  uniformity  of  the  image  formed  by 
volume  holographic  lenses  recorded  at  different  F/#’s  and  different  off-axis  parameters  Ax:  (a)  v,iih  (b),  the  corresponding  image 
photograph:  on  axis  (Ax  =  0),  F/#3(/‘  =  6  cm,  D  =  2  cm);  (c)  with  (d),  the  corresponding  image  photograph:  on-axis  (Ax  ~  0), 
E/#  6  (/  =  12  cm,  D  —  2  cm);  (e)  with  (f)  the  corresponding  image  photograph:  off-axis  Ax  =  20  mm,  E/#  6;  (g)  with  (h),  the 
corresponding  image  photograph:  off-axis  Ax  =  30  mm,  F/#  6.  Other  parameters  such  as  d  =  1  mm  and  A  =  0.514  fim  were 
used  for  both  experiment  and  theory. 


We  calculated  the  B-FOV  as  a  function  of  off-axis  pa¬ 
rameters  for  different  F/#’s  (or  focal  lengths)  by  using 
Eqs.  (l)-(9);  it  is  shown  in  Fig.  4.  The  calculation  was 
made  on  the  basis  of  a  1-mm-thick  LiNbOs  crystal  with 
an  aperture  size  of  2  cm  and  with  A  =  0.514  yum  illumina¬ 
tion.  The  calculation  shows  that  B-FOV  drops  quickly  as 
the  off-axis  parameter  increases  or  as  the  F/#  decreases. 
This  implies  that  a  small-F/#  lens  might  not  be  always 
desirable,  since  the  throughput  of  the  lens  is  limited  not 
only  by  the  conventional  space -bandwidth  product  (SBP) 
of  the  lens  but  also  by  the  extent  of  the  B-FOV.  The 
B-Fov  has  a  direct  effect  on  the  SBP  optimization. 

B.  Space -Bandwidth-Product  Optimization 
Two  figures  of  merit  can  aid  in  the  evaluation  of  the 
imaging  capacity  of  thick  holographic  lenses:  the  SBP 
of  images  limited  by  the  lens  aperture  and  the  SBP  of 
images  limited  by  the  B-FOV.  We  define  the  SBP  of  the 
B-FOV  (SBP  B-FOV)  and  the  SBP  of  the  lens  (SBP  Lens) 
as 

B-FOV 

SBP  B-FOV  -  — - »  (10) 

Ox 

SBP  Lens  =  ^  •  (11) 

Ox 


where  Sx  —  2  x  1.22 (Af/D)  is  the  diffraction-limited  spot 
size.  The  relationship  between  SBP  B-FOV  and  SBP 
Lens  is  demonstrated  by  fixing  the  lens  aperture  D  = 
2  cm  and  varying  the  focal  length;  the  result  is  shown 
in  Fig.  5.  In  general,  a  small-F/#  lens  will  provide  a 
large  SBP  Lens  but  a  small  SBP  B-FOV,  and  vice  versa. 
The  optimum  condition  for  a  maximum-image  information 
throughput  is  that  these  two  parameters  be  equal.  For 
example,  an  optimum  SBP  of  2000  (calculated  in  one 
dimension)  is  obtained  in  the  case  of  ofF-axis  Ax  =  10  mm, 
which  corresponds  to  an  F/#  16  lens.  In  the  special  case 
Ax  =  0  (on-axis),  when  focal  length  (or  F/#)  decreases, 
both  the  B-FOV  and  the  5x  decrease  at  the  similar  rate, 
resulting  in  a  SBP  B-FOV  that  is  almost  constant. 

C.  Wavelength  Selectivity 

Although  the  B-FOV  is  strongly  dependent  on  Ax  and 
F/#,  the  wavelength  selectivity  A  A  of  the  lens  is  almost  in¬ 
dependent  of  these  parameters.  The  latter  is  much  more 
strongly  dependent  on  crystal  thickness  and  operating 
wavelength.  Figure  6  shows  the  -wavelength  selectivity 
(A  A)  as  a  function  of  crystal  thickness  at  operating  wave¬ 
lengths  of  0.8  and  0.5  /im.  The  wavelength  selectivity 
is  defined  to  be  the  minimum  change  in  wavelength  re¬ 
quired  for  recording  two  lenses  without  cross  talk.  For 
A  =  0.8  /xm,  A  A  decreases  from  1.4  to  0.14  nm  when  the 
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thickness  increases  from  100  fxm  (a  maxiinum  thickness 
that  can  be  obtained  from  nonphotorefr active  materials) 
to  1  mm.  On  the  other  hand,  for  a  1-mm-thick  lens,  A  A 
decreases  from  0.14  to  0.06  nm  when  A  changes  from  0.8 
to  0.5  /im.  The  wavelength  selectivity  in  volume  holo¬ 
graphic  lenses  is  very  similar  to  that  of  volume  planar 
gratings,  which  is  approximately  given  by 


AA 


nd  sin  (p 


(12) 


where  <p  is  the  half-angle  between  the  two  recording 
beams  measured  inside  the  material. 


surement  system.  An  on-axis  lens  (F/#  3)  recorded  in 
a  1-mm-thick  LiNbOa  crystal  was  used  to  image  a  reso¬ 
lution  target.  The  image  formed  by  the  photorefractive 
lens  was  then  magnified  and  imaged  to  a  camera  by  an 
F/#  2  conventional  glass  lens.  Figure  10(a)  shows  the 
total  view  (—5.8  mm  in  diameter)  of  the  image  with¬ 
out  the  use  of  the  magnification  lens;  Fig.  10(b)  shows 
the  optically  magnified  center  portion  of  the  image  of 
Fig.  10(a)  produced  when  a  magnification  lens  was  used. 
Here  group  6,  element  4,  or  5.5  ^m,  can  be  resolved. 
The  theoretical  prediction  of  aperture-limited  diffraction 
resolution  is  3.8  ^m. 


3.  EXPERIMENTS  ON  LENS 
CHARACTERIZATION 

A.  Bragg-Limited  Field  of  View 

The  optical  system  for  recording  reflective  holographic 
lenses  is  shown  in  Fig.  7(a).  The  spherical  waves 
used  for  recording  the  lenses  were  generated  by  two 
conventional  achromatic  optical  glass  lenses.  The  holo¬ 
graphic  lenses  were  recorded  in  a  1-mm-thick  LiNbOa 
crystal  (0.05%  Fe  doping)  with  an  Ar  laser  operated  at 
A  =  0.514  /^m.  The  B-FOV  of  the  recorded  lens  was 
evaluated  with  use  of  the  imaging  configuration  shown 
in  Fig.  7(b);  a  diffuser  was  placed  in  front  of  the  object 
for  analysis,  and  a  beam  splitter  was  used  to  reflect  the 
image  plane  into  the  detector  (or  camera).  The  purpose 
of  using  a  diffuser  in  B-FOV  measurement  is  to  make  the 
experimental  conditions  as  close  as  possible  to  the 
theoretical  calculations,  which  assumed  that  the  object 
is  an  array  of  point  sources.  A  plane  wave  was  used 
as  an  object  in  B-FOV  measurement,  and  a  detector 
covered  by  a  pinhole  (0.1  mm  in  diameter)  detected 
the  variation  of  diffraction  efficiency  with  different 
locations  on  the  image  by  laterally  scanning  across 
the  image.  The  measured  diffraction  efficiency  as  a 
function  of  lateral  position  in  the  image  plane  is  shown 
in  Fig.  8.  Figures  8(a)  and  8(c)  show  the  simulation  and 
measurement  of  B-FOV  for  on-axis  (Ao;  ^  0)  lenses  of 
F/#  3  (/*  =  6  cm  and  D  =  2  cm)  and  F/#  6  (/*  =  12  cm 
and  D  =  2  cm),  respectively.  Figures  8(e)  and  8(g)  show 
the  results  of  F/#  6  lenses  with  off-axis  parameters 
of  20  and  30  mm,  respectively.  The  data  points  show 
excellent  agreement  with  the  theoretical  predictions. 
The  diffraction  efficiency  measured  at  the  center  of  the 
image  was  17%.  Figures  8(b),  8(d),  8(f),  and  8(h)  show 
the  corresponding  output  images  of  a  10-mm  X  10-mm 
grid  input.  For  on-axis  lenses  [Figs.  8(a)~8(d)]  the 
B-FOV  is  symmetrical  in  both  the  horizontal  and 
the  vertical  directions.  However,  for  off-axis  lenses 
[Figs.  8(e)“8(h)]  the  B-FOV  is  restricted  more  in  the 
horizontal  direction,  the  direction  of  off-axis  shift  of  the 
two  recording  waves;  and  the  B-FOV  in  the  vertical  direc¬ 
tion  is  similar  to  that  of  the  on-axis  lenses.  The  region 
at  which  the  reconstruction  is  strongest  is  not  rectangu¬ 
lar  [see  Fig.  8(h)]  because  of  Bragg  degeneracy  during 
imaging. 

B.  Resolution 

We  measured  near-aperture-limited  diffraction  perfor¬ 
mance  for  the  reflection  lenses.  Figure  9  shows  the  mea¬ 


C.  Wavelength  Selectivity 

For  measuring  the  wavelength  selectivity  of  the  pho¬ 
torefractive  lenses,  an  argon  pumped  Ti-sapphire  tun¬ 
able  laser  operated  at  near  infrared  was  used.  Figure  11 
shows  the  experimental  data  and  the  theoretical  predic¬ 
tion  of  normalized  diffraction  efficiency  versus  wavelength 
tuning  A  A.  AA  =  0.15  nm  was  obtained  in  a  1-mm-thick 
lens  recorded  in  a  LiNbOa  crystal  at  A  =  0.8  /im.  This 
highly  wavelength-selective  nature  of  the  reflection  holo¬ 
gram  was  also  employed  by  Yariv  et  al.  in  constructing 
a  holographic  color  filter.^^  This  small  A  A  will  allow  us 
to  multiplex  more  than  150  holographic  lenses,  using  a 
tunable  semiconductor  laser  diode  (external  cavity)  with 
a  wavelength-tuning  range  of  25  nm. 

4.  APPLICATION  DEMONSTRATIONS 

Photorefractive  lenses  may  find  several  important 
applications  as  a  result  of  their  unique  properties,  such 
as  high  wavelength  selectivity,  which  permits  the  super¬ 
position  of  many  lenses  in  the  same  volume;  in  situ 
recording  for  self-alignment;  low  weight;  simplicity  of 
fabrication;  and  potentially  low  manufacturing  cost. 
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(b) 

Fig.  10.  Image  of  a  resolution  target  formed  by  an  F/#  3  pho- 
torefractive  lens:  (a)  global  view  of  the  image,  (b)  partial  view 
of  the  image  magnified  by  a  magnification  lens.  Group  6-4 
(5.5  fim)  can  be  resolved. 


Two  examples  demonstrated  in  Subsections  4.A  and  4.B 
show  the  use  of  the  property  of  wavelength  multiplexing 
to  achieve  dynamic  focusing  and  dynamic  lateral  image 
shifting  without  mechanical  movement. 
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A.  Dynamic  Focusing  without  Mechanical  Movement 
In  the  first  application  we  demonstrate  that  dynamic  fo¬ 
cusing  in  an  imaging  system  can  be  achieved  with  the  use 
of  wavelength-multiplexed  photorefractive  lenses.  Dif¬ 
ferent  object  planes  can  be  selected  merely  by  tuning 
of  the  wavelength  without  the  use  of  mechanical  move¬ 
ment.  In  the  experiment,  two  lenses  for  imaging  two 


AX  (nm) 

Fig.  11.  Experimental  result  and  theoretical  calculation  of  the 
wavelength  selectivity  obtained  for  a  1-mm-thick  reflective  pho¬ 
torefractive  lens  of  /*  =  12  cm  (F/#  6)  recorded  at  A  =  0.8  /xm. 
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Fig.  12.  Schematic  diagram  for  multiplexing  (recording)  two 
lenses  of  different  object  distances  for  dynamic  focusing:  (a) 
object  at  position  A  with  imaging  at  the  camera  plane  recorded 
at  Al  *  0.514  pm,  (b)  object  at  position  B  with  imaging  at  the 
camera  plane  recorded  at  A2  -  0.488  pm. 
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objects  of  different  longitudinal  distances  were  superim¬ 
posed  in  a  1-mm-thck  LiNbOa  crystal  with  use  of  two  lines 
of  an  At  laser,  0.514  and  0.488  /xm.  Figure  12  shows 
the  schematic  diagram  for  recording.  The  first  lens,  with 
the  object  plane  at  position  A,  100  mm  from  the  crys¬ 
tal,  and  the  image  plane  with  a  camera  at  a  distance  of 
100  mm  from  the  crystal  [Fig.  12(a)],  was  recorded  with 
Al  =  0.514  /xm.  The  second  lens,  with  the  object  plane 
at  position  B,  67  mm  from  the  crystal,  but  with  the  same 
image  position  as  that  of  the  first  lens  [Fig.  12(b)],  was 
recorded  with  A2  =  0.488  /xm.  The  exposure  times  were 
controlled  according  to  the  recording  schedule^^  so  that 
the  diffraction  efficiencies  of  the  two  lenses  were  simi¬ 
lar  (77  «  5%).  The  two  superimposed  lenses  were  then 
used  for  the  dynamic  focusing  demonstration.  First,  a 
grid  pattern  was  placed  at  position  A  and  a  diffuser  was 
placed  in  front  of  the  object.  When  the  object  was  illu¬ 
minated  by  the  wrong  wavelength  (i.e.,  A2  =  0.488  /xm), 
the  image  was  completely  defocused  [Fig.  13(a)].  How¬ 
ever,  when  the  wavelength  was  tuned  to  its  correct  value 
(i.e.,  Al  =  0.514  /xm),  the  image  was  perfectly  focused,  as 
shown  in  Fig.  13(b).  Next,  the  object  was  moved  from 
the  A  to  the  B  position,  and  the  corresponding  wave¬ 
length  for  perfect  focusing  was  also  switched,  from  0.514 
to  0.488  /xm,  as  shown  in  Figs.  13(c)  and  13(d)  (no  dif¬ 
fuser  was  used  in  this  case).  The  image  was  magnified 
by  a  factor  of  1.5  as  a  result  of  the  difference  between  ob¬ 
ject  and  image  distances.  Figures  13(a)  and  13(c)  show 


(a) 


the  difference  in  the  image  properties  produced  when  an 
object  is  illuminated  by  a  diffuse  source  and  by  a  plane 
wave. 

B.  Lateral  Image  Shifting  without 
Mechanical  Movement 

In  the  second  application  example  we  demonstrate  lat¬ 
eral  scanning  of  an  input,  using  wavelength-multiplexed 
photoreffactive  lenses.  Two  lenses  were  multiplexed 
with  different  wavelengths  (0.514  and  0.488  /xm,  respec¬ 
tively)  in  the  same  volume.  The  recording  scheme  is 
shown  in  Fig.  14.  These  two  lenses  were  different  in 
lateral  object  positions  instead  of  in  longitudinal  object 
positions  (as  in  the  first  example).  During  imaging, 
an  input  of  two  characters  (U  and  C)  constructed  with 
50-/xm  pixels  [Fig.  15(a)]  was  placed  in  the  object  plane, 
and  a  camera  was  placed  in  the  image  plane.  An  iris 
was  used  that  allowed  only  one  of  the  characters  to  be 
imaged  into  the  camera.  When  the  object  was  illumi¬ 
nated  by  Al  =  0.514  /xm,  the  U  and  the  C  were  shifted  by 
the  lens  so  that  only  the  U  was  imaged  onto  the  camera 
[Fig.  15(b)].  When  A2  =  0.488  /xm  was  used  for  illumi¬ 
nation,  the  U  and  the  C  were  shifted  by  a  second  lens  so 
that  only  the  C  was  imaged  onto  the  camera  [Fig.  15(c)]. 
Because  the  undesired  images  [e.g.,  the  letter  C  in 
Fig.  15(b)  and  the  letter  U  in  Fig.  15(c)]  were  shifted 
outside  the  camera  (or  detector  plane),  cross  talk  was  not 
an  issue. 


Fig.  13.  Experimental  result  of  dynamic  focusing:  image  obtained  by  placement  of  the  object  at  position  A  (see  Fig.  12),  illuminated 
by  (a)  A2  =  0.488  /Am  and  (b)  Ai  =  0.514  /tm;  image  obtained  by  placement  of  the  object  at  position  B  (see  Fig.  12),  illuminated  by 
(c)  Al  *=  0.514  /xm  and  (d)  A2  =  0.488  /xm. 
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Fig.  14.  Schematic  diagram  for  multiplexing  (recording)  two 
lenses  of  different  object  lateral  positions  for  dynamic  image 
shifting:  (a)  object  at  position  A,  image  at  position  B,  recorded 
at  Al  =  0.514  /im;  (b)  object  at  position  A',  image  at  position  B, 
recorded  at  A2  =  0.488  /im. 

5.  DISCUSSION 

Two  important  issues  relevant  to  practical  applications 
are  energy  efficiency  and  the  availability  of  a  wavelength- 
tunable  source. 

The  energy  loss  that  results  from  the  use  of  a  beam 
splitter  can  be  resolved  easily  by  the  use  of  a  polariza¬ 
tion  beam  splitter,  PBS,  and  a  quarter-wave  (A/4)  plate, 
as  shown  in  Fig.  16.  The  p -polarized  input  object  beam 
passing  through  PBS  and  the  A/4  plate  becomes  a  cir¬ 
cularly  polarized  beam  when  it  strikes  the  LiNbOa  lens. 
The  reconstruction  from  the  reflection  holographic  lens 
passes  through  the  A/4  plate  and  is  then  s  polarized, 
being  reflected  toward  the  image  plane.  The  diffrac¬ 
tion  efficiencies  of  the  linear  polarized  beam  and  the 
circular  polarized  beam  are  similar,  because  the  holo¬ 
gram  recorded  in  the  z-cut  LiNbOa  lens  is  not  sensitive 
to  polarization. 

The  holographic  lens  efficiency  is  strongly  dependent 
on  the  number  of  superimposed  lenses.  The  effective  in¬ 
dex  modulation  for  each  hologram  is  An^/AT,  where  A/i, 
is  the  saturation  refractive-index  modvdation  and  N  is 
the  number  of  superimposed  holograms.  For  example,  a 
single  lens  was  measured  to  have  an  efficiency  of  50%. 
However,  when  10  lenses  are  superimposed  {N  =  10),  the 
diffraction  efficiency  falls  to  0.8%,  and  for  100  lenses  the 
diffraction  efficiency  is  0.008%.  The  illumination  power 
and  the  detector  sensitivity,  combined  with  the  hologram 
efficiency,  ultimately  determine  the  number  of  scanning 
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positions  that  can  be  implemented  by  a  single  crystal. 
The  diffraction  efficiency  can  be  enhanced  by  the  use  of 
other  materials  or  by  an  increase  in  the  crystal  thick¬ 
ness,  but  there  will  be  a  corresponding  change  in  the  field 
of  view. 

Currently  available  tunable  sources  include  external 
cavity  laser  diodes.  Although  the  tuning  range  is  quite 
large  (>50  nm),  the  tuning  is  mechanical  and  inherently 


(c) 

Fig.  15.  Experimental  result  of  dynamic  image  lateral  shifting: 
(a)  input  object  (pixel  size  50  /xm),  (b)  output  image  obtained  at 
Al  *=  0.514  /xm,  (c)  output  image  obtained  at  A2  =  0.488  /xm. 
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Fie  16.  Energy  loss  resulting  from  the  use  of  a  be^  spbtter 
can  be  reduced  by  the  use  of  a  polarization  beam  splitter  and  a 
quarter-wave  plate, 

slow.  However,  several  integrated  electronically  tunable 
laser  diode  sources  are  under  development.  F or  example, 
Chang-Hasnain  et  al}*  have  demonstrated  a  surface  emit¬ 
ting  diode  laser  array  capable  of  continuously  tuning  at 
a  rate  of  660  ns/nm.  In  addition.  Schilling  et  al}  have 
demonstrated  a  discrete  laser  diode  capable  of  selecting 
one  of  twelve  discrete  wavelengths  at  a  rate  of  1  GHz. 


6.  CONCLUSION 

In  this  paper  we  have  reported  results  of  design,  model¬ 
ing,  experiments,  and  prototyping  applications  of  volume 
reflection  holographic  lenses.  We  demonstrated  that  a 
simple  ray-tracing  model  incorporating  photorefractive 
physics  can  be  used  to  model  1-mm-thick  holographic 
lenses  with  an  arbitrary  F/#.  We  defined  a  new  fig¬ 
ure  of  merit,  the  Bragg-limited  field  of  view,  that  de¬ 
scribes  the  sizes  of  images  reconstructed  from  volume 
holographic  lenses.  When  comparing  this  figure  of  merit 
with  the  diffraction-limited  resolution  of  various  lenses, 
we  observed  that  there  are  optimal  designs  for  reflection 
holographic  lenses.  We  verified  the  model  by  conducting 
experiments  in  a  photorefractive  LiNbOj  crystal,  ^d 
the  results  were  an  excellent  fit  to  the  prediction.  We 
demonstrated  as  potential  applications  the  multipleang 
of  two  reflection  holographic  lenses  for  imaging  differ¬ 
ent  longitudinal  and  transversal  planes.  In  one  case  dy- 
namic  focusing  was  explored.  In  the  second  case  laterm 
image  scanning  was  achieved.  As  demonstrated  in  this 
paper,  volume  holographic  materials  can  provide  suffi¬ 
cient  storage  to  hold  several  multiplexed  lenses  with  nar¬ 
row  spectral  bandwidths  and  useful  fields  of  view. 
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Appendix  D 

Photorefractive  Lens  Array  Image  System  Design  Optimization 

The  memory  distribution  network  interconnect,  as  originally  described,  had  no 
explicit  restriction  on  the  relative  size  of  the  lenses  and  sub-fields  of  memory.  Depending 
on  their  relative  sizes,  the  interconnect  can  be  characterized  as  either  similar  to  a  space- 
variant  interconnect  or  similar  to  a  space-invariant  interconnect.  If  it  were  more  space- 
invariant,  the  number  of  lenses  would  be  few,  if  it  were  more  space-variant,  the  number 
of  lenses  would  be  large.  Given  the  characteristics  of  imaging  with  volume  holographic 
lenses  described  elsewhere,  it  becomes  apparent  that  there  are  both  diffractive  effects  and 
geometrical  optics  effects  that  impact  the  design  of  this  interconnect.  Therefore  one 
expects  that  there  is  some  tradeoff  between  the  number  of  pixels  that  can  be  imaged 
through  the  system  and  the  degree  of  space-variance  of  the  interconnect. 

To  study  this  tradeoff,  several  optical  systems  were  simulated.  Using  the  analytic 
results  described  previously  for  the  diffiractive  optics  effects,  it  was  possible  to  determine 
the  aperture  limited  spot  size  and  the  Bragg  limited  field  of  view.  Using  CodeV™  the 
effects  of  astigmatism  on  the  PSF  and  the  imaging  field  distortion  could  be  analyzed. 
The  lens  array  was  assumed  to  be  fabricated  in  1  mm  thick  LiNb03.  The  wavelength  of 
operation  was  800  nm.  Several  systems  were  studied  by  changing  the  size  of  the  lenses 
and  the  distance  off-axis  of  the  image.  The  criteria  for  measuring  the  performance  of 
these  systems  will  be  the  density  of  SBWP. 

The  density  of  SBWP  is  essentially  the  number  of  resolvable  points  that  can  be 
transmitted  through  the  system  in  a  certain  area: 

SBWP  Density  <D.l) 

In  this  equation,  SBWPiens  refers  to  the  SBWP  that  can  pass  through  each  lens  in  the 
interconnect  and  Auns  refers  to  the  area  of  each  lens.  In  this  way,  the  system  with  the 
highest  communication  density  can  be  identfied. 

One  method  to  calcuate  the  SBWP  that  can  be  imaged  by  the  lenses  of  the 
interconnect  is  to  evaluate  the  point  spread  function  of  each  lens  and  to  determine  the  size 
of  the  largest  image  that  can  be  faithfully  imaged  by  the  lens.  The  SBWP  that  can  be 
imaged  by  a  lens  in  this  configuration  can  be  defined  as: 
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SBWPLens  =7* 
o 


(D.2) 


Geometric  and  diffractive  effects  contribute  to  both  the  spot  size  (5)  and  the  image  size 
(A).  The  overall  spot  size  was  taken  to  be  the  square  root  of  the  sum  of  the  squares  of  the 

geometric  and  diffractive  spot  sizes: 

5  =W  +  5<i^  • 

To  determine  the  maximum  size  of  the  undistorted  image  due  to  distortion,  we  chose  the 
minimum  of  volume  holographic  lens  field  of  view  and  the  distortion  limited  field  of 
view.  Combining  this  with  the  area  of  the  lens,  Ai^ns^  we  can  calculate  our  original 
figure  of  merit  (Eqn  D.l)  the  SBWP  density. 

Tables  D1  and  D2  show  data  for  the  density  of  the  SBWP  for  interconnects  with 
various  size  lenses  recorded  at  800  nm  in  1  mm  thick  lithium  niobate  (index  of  refraction 
=  2.28).  The  data  is  organized  in  the  following  way:  Table  D1  shows  data  for  the  case 
where  the  F/#  of  the  lenses  in  the  array  is  kept  constant  and  Table  D2  includes  data  for 
the  case  where  the  focal  length  of  the  interconnect  remains  constant.  Two  parameters  are 
varied  in  the  comparisons.  The  lens  diameter  is  varied  to  indicate  the  degree  of  space 
variance  of  the  lens  array  interconnect.  The  off-axis  distance  (the  distance  between  the 
center  image  and  the  center  of  the  lens)  is  also  varied.  In  these  tables,  the  off-axis 
distance  is  expressed  as  the  multiple  of  the  diameter  of  the  lens.  For  instance,  an  off-axis 
distance  of  5D  for  a  lens  diameter  of  2  mm  is  10  mm. 

When  the  F/#  is  fixed  (Table  Dl),  larger  aperture  lenses  demonstrate  a  much 
higher  capability  for  transmitting  high  density  data.  Aberrations  and  distortions  are  not 
very  great  except  when  the  off-axis  distance  becomes  large,  hi  this  situation,  the  larger 
lenses  demonstrate  a  much  higher  capacity  for  transmitting  high  density  data.  However, 
with  this  large  F/#,  the  optical  system  can  be  quite  large.  The  focal  length  of  the  system 
was  fixed  in  order  to  explore  the  tradeoffs  with  various  F/#'s  (Table  2).  Here,  for  small 
lenses,  the  diffraction  limit  prohibits  the  transmission  of  high  density  data.  For  large 
lenses,  the  low  F/#  causes  severe  aberrations  affecting  both  the  spot  size  and  the  image 
field  size.  As  a  result,  a  moderate  lens  size  of  2  mm  demonstrates  the  best  performance 
for  a  variety  of  off-axis  imaging  distances. 
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Lens  Off-Axis  Off-Axis  Off-Axis  Off-Axis 

Distance:  Distance:  Distance:  Distance: 

Diameter 


0  D  _ 2D _ ^ 


Table  D.  Density  of  SBWP  for  different  lens  diameter  with  fixed  F/# 


Lens 

Off-Axis 

Off-Axis 

Off-Axis 

Off-Axis 

Distance: 

Distance: 

Distance: 

Distance: 

Diameter 

0 

D 

2D 

5D 

0.2  mm 

0 

0 

0 

0 

0.5  mm 

15 

15 

15 

5 

2mm 

3906 

3811 

1700 

96 

5  mm 

152588 

511 

23 

0 

Table  D2  Density  of  SBWP  for  different  lens  diameter  with  f  =  40  mm  fixed 
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Appendix  E 

Wavelength-multiplexed  Reconfigurable  Interconnect 
using  a  Volume  Holographic  Lens  Array 
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Wavelength-multiplexed  holograms  have  been  used  to  store  log(N)  stages  of  an  N-noie  butter^  interconnwt 
We  recorded  and  reconstructed  the  holograms,  usii^  LiNbOj  over  a  range  of  790  to  800  nm.  The  wavelen^h 
separation  can  be  as  little  as  0.6  nm  between  holograms.  We  implemented  the  interconnect  by  recordmg  a 
array  of  elements  that  contained  five  superimposed  lenses  each.  These  lenses  formed  a  semi-space-vanant  opti 
interconnect  with  a  space-bandwidth  product  larger  than  2  X  lO*  for  each  2  mm  X  2  mm  lens. 


Optical  interconnection  has  been  advocated  as  a 
means  for  achieving  highly  parallel,  wide-bandwidth 
interconnects.^  Optical  interconnects  can  be  con¬ 
structed  as  mviltistage  intercormection  networks 
(min’s)  to  provide  wide-diameter  networks  with  re¬ 
duced  contention  and  fault  tolerance.  In  tins  Letter 
we  present  an  experimental  demonstration  of  a 
wavelength-multiplexed  holographic  lens  array  de¬ 
signed  for  a  MEN  that  uses  a  single  stage  of  optics. 

The  most  straightforward  method  of  constructing 
an  optoelectronic  MIN  is  to  arrange  the  hardware  in  a 
series  of  optical  interconnect  and  electronic  process¬ 
ing  layers.^  Such  a  system  can  be  fully  pipelined 
and  have  a  large  throughput.  However,  with  this 
technique  there  is  a  large  hardware  cost  and  power 
requirement  (optical  as  well  as  electronic).  ^  In  ad¬ 
dition,  the  alignment  difficulties  in  constructing  and 
packaging  this  type  of  system  grow  significantly  with 
the  number  of  stages.  One  alternative  to  this  tech¬ 
nique  is  to  use  a  single  optical  interconnect  and 
electronic  processing  layer  and  to  take^  the  output  of 
that  single  stage  iteratively  and  send  it  through  the 
input  of  that  same  stage  imtil  the  desired  routing 
is  achieved.®  By  using  the  large  storage  capacity  of 
volume  holograms,  one  can  multiplex  and  store  sev¬ 
eral  stages  of  a  MIN  in  a  single  holographic  optical 
element.  With  the  appropriate  optics,'*  the  output 
of  the  intercoimect  csm  be  fed  back  into  input  of  the 
interconnect.  By  reconfiguring  the  interconnect  by 
playing  back  each  successive  stage  of  the  optical  in¬ 
terconnect,  one  can  implement  a  MIN  with  a  single 
stage  of  optics  and  electronics.  Using  wavelength 
multiplexing  for  addressing  the  holograms  has  be¬ 
come  more  realistic  with  recent  advances  in  tunable 
laser  diode  technology®  and  infrared  holography.® 
Sparse  arrays  of  these  tunable  laser  diodes  can  be 
used  as  part  of  a  spatial  light  modulator  to  pro¬ 
vide  inputs  for  a  wavelength-multiplexed  optical 
interconnect.  The  advantage  of  the  multiplexing 
approach  is  a  great  reduction  in  system  volume, 
hardware  cost,  alignment  tolerances,  and  instanta¬ 
neous  power  consumption.  There  is,  of  course,  a 
price  to  be  paid  for  this  approach:  an  increase  in 
the  illumination  source  complexity  and  the  loss  of 
the  ability  to  pipeline  the  network. 
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The  optical  system  used  to  demonstrate  our  re- 
configurable  interconnect  is  diagrammed  in  Fig.  1. 
The  vertically  polarized  input  image  enters  a  polar¬ 
izing  beam  splitter  and  reflects  toward  a  quarter- 
wave  plate.  The  image  is  then  right-hand  circularly 
polarized  when  it  strikes  the  holograms  in  lithium 
niobate.  Because  reflection  holograms  are  recorded 
with  the  c  axis  perpendicular  to  the  surface  in  lithium 
niobate,  the  holograms  are  insensitive  to  polariza¬ 
tion.  The  reflection  from  the  holograms  then  passes 
through  the  quarter-wave  plate  and  is  horizontally 
polarized,  allowing  it  to  pass  through  the  beam¬ 
splitter  and  be  imaged  to  a  CCD  camera. 

The  reflection  holograms  were  an  array  of  holo¬ 
graphic  lenses  recorded  in  a  1-mm-thick  sample  of 
lithium  niobate  (0.1%  iron  mole  by  weight,  argon 
annealed);  a  separate  automated  exposure  system 
with  a  tunable  titanium^sapphire  laser  was  used. 
The  lithium  niobate  was  then  placed  into  the  recon¬ 
struction  system  with  the  aid  of  a  kinematic  moimt. 
The  multiplexed  holograms  consisted  of  an  array  of 
16  separate  elements,  2  mm  X  2  mm  in  size.  Each 
element  further  contains  five  wavelength  multi¬ 
plexed  on-  and  off-axis  lenses  (f  =  40  mm)  that 
image  portions  of  the  input  plane  to  different  ar¬ 
eas  in  the  output  plane.  Illuminating  the  input 
with  a  set  of  wavelengths  permits  access  to  differ¬ 
ent  lenses  and  reconfiguration  of  the  interconnect 
pattern. 

A  well-known  interconnect  used  for  both  routing 
and  computation,  the  butterfly  network,  was  cho¬ 
sen  for  demonstration.  An  N-node  butterfly  has 
logfN)  interconnection  stages.  For  the  N  =  16  im¬ 
plementation,  we  recorded  the  four  stages  along  with 
a  straight-through  interconnection,  using  different 
wavelengths.  To  demonstrate  the  interconnect,  we 
prepared  a  mask  with  a  set  of  16  numbers  indicat¬ 
ing  the  positions  of  each  mode  in  the  interconnect. 
This  input  was  imaged  through  the  optical  intercon¬ 
nect  stage,  and  the  results  were  captured  by  a  CCD 
camera.  Figure  2  shows  photographs  of  the  outputs 
of  the  successive  stages  in  the  network.  To  demon¬ 
strate  clearly  the  interconnection  at  each  stage,  we 
used  the  same  input  for  all:  the  ordered  array  of 
numbers  shown  in  Fig.  2(e). 
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Tunable  Sourec: 

Fig.  1.  Optical  system  for  implementing  a  reconfigurable 
semi-space-variant  interconnect. 

The  performance  of  the  holographic  lens  array 
may  be  evaluated  with  four  parameters:  the  maxi¬ 
mum  off-axis  imaging  distance,  the  space -bandwidth 
product  (SBWP)  imaged  by  each  lens,  the  wave¬ 
length  separation  required  for  reconfiguration,  and 
the  insertion  loss.  The  field  of  view^  of  photo- 
refractive  lenses  determines  the  off-axis  imaging  dis¬ 
tance.  Given  our  optical  system,  a  field  of  view  of 
2  mm  X  2  mm  (the  size  of  the  lens  elements)  can 
be  maintained  for  as  much  as  6.4  mm  off  axis  (3 
nodes  to  each  side,  48  nearest  neighbors).  We  deter¬ 
mined  the  SBWP  imaged  by  each  lens  by  measuring 
the  resolution  and  the  field  of  view.  The  resolution 
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can  be  defined  by  the  Raleigh  criteria  as  the  full 
width  at  half-maximum  of  the  point-spread  function, 
which  was  measured  to  be  38  /im  (compared  with  a 
diffraction  limit  of  32  fim).  For  a  lens  aperture  of 
2  mm  X  2  mm,  each  lens  could  resolve  2  X  10^  pix¬ 
els,  and  the  array  of  16  lens  elements  coxild  resolve 
a  SBWP  of  larger  than  4  X  10^.  We  achieved  close 
wavelength  spacing  between  holograms  by  using  a 
l-mm  thick  reflection  hologram.^  The  holograms  in 
this  study  have  demonstrated  selectivities  of  0.15  nm 
(equal  to  that  predicted  by  Kogelnik)  in  the  near  in¬ 
frared.  Cross  talk  was  less  than  *“23  dB.  The  ac¬ 
tual  minimum  separation  between  stored  holograms 
(0.6  nm)  in  this  system  was  limited  by  the  modes 
of  the  laser,  not  by  hologram  cross  talk.  The  in¬ 
sertion  loss  in  this  interconnect  is  determined  by 
the  saturation  diffraction  efficiency  and  the  number 
of  stored  interconnects.  At  saturation  the  insertion 
loss  is  -3.7  dB,  yielding  a  theoretical  insertion  loss 
of  -16  dB  for  multiplexing  five  holograms.  In  this 
experiment  the  insertion  loss  was  measured  to  be 
-20  dB. 

The  scalability  of  the  lens  array  is  controlled  by  two 
important  factors:  the  SBWP  imaged  by  the  lenses 
and  the  diffraction  efficiency  of  the  volume  hologram. 
Under  the  assumptions  of  large-/'-number  lenses  and 
diffraction-limited  resolution,  the  maximum  SBWP 
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Fig.  2.  (a)  Vertical  half-fold  (stage  1:  A  =  799.8  nm), 
(b),  horizontal  half-fold  (stage  2:  A  —  796.6  nm),  (c)  ver- 
tic^  quarter-fold  (stage  3:  A  —  801.1  nm),  (d)  horizon¬ 
tal  quarter-fold  (stage  4:  A  =  798.2  nm),  (e)  straight- 
through  interconnect  (stage  5:  A  =  798.8  nm). 
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imaged  by  each  lens  can  be  calculated  to  be 


where  n  is  the  index  of  refraction,  fa  is  the  focal 
lengthy  of  the  lenses  in  the  array,  Da  is  the  size  of 
the  aperture  of  the  lens,  5  is  the  largest  distance  that 
the  lens  must  image  off  axis,  and  d  is  the  thickness 
of  the  holographic  substrate.  For  the  present  design, 
holographic  lens  arrays  of  greater  than  10®  elements 
can  be  fabricated,  each  with  the  capability  of  imag¬ 
ing  2^x  10®  pixels  each.  However,  these  lenses  can 
image  only  to  48  of  their  nearest  neighbors  because  of 
the  field-of-view  limitation  in  the  holographic  lensM. 
Clearly,  the  diameter  of  the  interconnect  can  be  in¬ 
creased  at  the  sacrifice  of  the  bandwidth  imaged  by 
the  lenses. 

The  number  of  holograms  that  can  be  multiplexed 
(in  each  position  in  the  array)  is  limited  by  the  inser¬ 
tion  loss  of  the  system.  Using  an  approximation  to 
Kogelnik’s  results  for  diffraction  efficiency  yields  the 
following  insertion  loss: 

Loss  =  Diffraction  efficiency  +  absorption 
=  20  logic 

-  aL  logic  (e)dB 

=  1.28  dB  -  20  logic(m)dB .  (2) 

In  Eq.  (2)  An„t  =  2.2  X  10'^  (the  saturation  index), 
L  =  1  rnm  (the  Crystal  thickness),  m  is  the  number  of 
holograms  multiplexed  in  each  location  of  the  array, 
a  =  2.3  cm"^  (the  absorption  of  lithium  niobate),  and 
A  =  0.8  /nm  (the  wavelength  of  illumination).  For 


dB  -  20  logio(7n)dB 


the  storage  of  25  interconnections  in  each  lens  po¬ 
sition  (m  =  25),  the  wavelength  range  necessary  for 
reconfiguration  is  only  3.75  nm,  but  the  insertion  loss 

is  -27  dB.  . 

In  conclusion,  we  offer  an  alternative  to  standard 
methods  of  constructing  optoelectronic  MIN’S:  mul¬ 
tiplexed  holographic  interconnects.  This  techmque 
reduces  system  volume  as  well  as  optical  and  elec- 
troiuc  hardware  costs.  An  optical  intercoimect  was 
demonstrated  with  five  stages  stored  in  a  single  stage 
of  optics  with  access  to  each  stage  by  illumination 
with  different  wavelengths.  The  system  was  oper¬ 
ated  at  near-infrared  wavelengths  and  with  a  close 
separation  between  wavelengths  to  show  its  compat¬ 
ibility  with  laser  diode  technology. 
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Appendix  F 

Memory  Distribution  Network  System  Description 

The  memory  distribution  network  segment  that  was  constructed  had  to  obey 
certain  constraints  that  defined  the  architecture.  There  were  constraints  from  the  optical 
components,  the  electronic  components,  as  well  as  their  integration. 

The  optical  system  was  constrained  by  several  practical  considerations.  The 
majority  of  the  design  constraints  were  discussed  in  previously.  Aside  from  these 
theoretical  limits,  there  were  several  more  pragmatic  considerations.  The  material  for  the 
volume  holographic  lenses  was  only  available  in  thickness  between  0.5  mm  to  5  mm, 
impacting  the  field  of  view  and  the  diffraction  efficiency  of  the  element.  The  wavelength 
of  operation  was  constrained  by  both  the  material  and  the  laser  source.  Although  material 
demonstrated  the  fastest  time  response  at  shorter  wavelengths,  the  output  power  of  the 
laser  was  at  a  rn^ximnm  at  810  nm.  Maximizing  the  amount  of  optical  power  to  the  MIP 
chip  would  increase  the  speed  of  operation.  A  compromise  of  790-800  nm  was  sought  in 
order  to  reduce  recording  times  and  yet  maintain  reasonable  diffraction  efficiency  of  the 
hologram. 

The  electronic  MIP  chip  was  also  forced  to  obey  certain  limitations.  The  size  of 
the  chip  was  limited  to  less  than  a  4  mm  x  4  mm  area  due  to  cost.  The  decision  to  use  2 
micron  MOSIS,  CMOS  fabrication  was  also  determined  by  cost.  The  detector  was  based 
on  previous  designs  of  a  pre-charged  photodiode  cell.  There  exists  a  tradeoff  between  the 
speed  of  a  detector  and  it’s  sensitivity.  Typically,  the  larger  the  area  of  the  detector,  the 
more  photons  can  be  used  to  generate  carriers  for  detection  and  the  more  sensitive  the 
detector  becomes.  However,  this  increase  in  size  increases  both  the  capacitance  and  the 
physical  transit  time  of  the  earners,  reducing  the  speed.  Based  on  this,  the  detector  size 
using  this  CMOS  technology  is  between  10  and  100  microns.  In  order  to  achieve  faster 
response  time,  the  detector  was  designed  to  be  used  with  a  pulsed  optical  source.  The 
design  used  a  pre-charge  pulse  that  created  a  voltage  across  the  photodiode  just  prior  to 
the  expected  optical  pulse.  When  the  optical  pulse  arrived,  it  would  cause  the  voltage 
across  the  diode  to  dissipate  to  ground.  The  available  laser  source  was  not  easily  pulsed. 
As  a  result,  lower  sensitivity  was  expected.  In  addition  to  the  photodetector  being 
sensitive  to  light,  the  entire  chip’s  surface  would  be  sensitive,  to  some  degree,  to  light. 
The  sensitivity  of  the  surrounding  logic  was  close  to  0.3  times  the  sensitivity  of  the 
detector.  If  light  with  three  times  the  amount  of  the  minimum  detectable  power  was 


44 


incident  on  a  transistor,  it  would  cause  a  false  reading  for  that  detector  and  it’s  nearest 
neighbors.  This  would  impact  the  alignment  of  the  chip  and  the  optical  interconnect  by 
cause  false  responses  when  the  chip  was  mis-aligned.  To  establish  a  light-blocking  layer 
to  protect  the  active  logic  on  the  chip  would  have  required  extensive  modifications.  It 
was  sufficient  to  merely  place  the  detectors  a  reasonable  distance  away  from  the  logic 
(one  or  two  diameters  of  the  detector). 

The  combination  of  the  electronic  chip  and  the  optical  interconnect  created 
additional  constraints  on  the  system.  The  detector  size  determined  the  F/#  of  the  imaging 
system  to  be  used  (assuming  diffraction  limited  performance): 

10  microns  <  5  <  100  microns 
12.5  <F/#<125 

where  5  is  the  diameter  of  the  detector.  From  the  results  of  the  smdy  of  SBWP  density 
through  semi-space  variant  interconnects,  the  range  of  sizes  for  the  lens  has  a  lower 
bound  of  1  mm;  the  upper  bound  is  set  by  the  maximum  area  of  less  than  4  mm  x  4  mm 
of  the  chip: 


1mm  <D<4mm 

Within  these  constraints,  a  few  systems  were  analyzed  based  on  the  volume  of  the 
optical  system,  the  number  of  MIP  elements  possible  in  the  array  and  the  number  of  sub¬ 
fields  of  memory  each  MIP  can  view  using  the  interconnect,  (see  Tables  F1-F4) 

From  this  manual  partitioning  of  the  relative  sizes  of  the  electronic  and  optical 
components,  withing  the  constraints  laid  out  previously,  some  conclusions  can  be  drawn. 
Increasing  the  detector  size  has  the  advantage  of  allowing  for  a  larger  MIP  array  and 
greater  access  to  the  memory  page.  However,  the  cost  paid  for  this  is  in  the  volume  of 
the  optical  system  and  in  the  speed  of  the  detectors.  Increasing  the  lens  size 
accomplishes  little  improvement  in  performance.  However,  reducing  the  size  of  the 
object  with  respect  to  the  size  of  the  lens  allows  for  greater  access  to  the  memory  page 
while  sacrificing  very  little.  The  tradeoff  is  not  apparent  in  this  table,  but  the  reduction 
of  the  object  size  directly  reduces  the  number  of  pixels  (SBWP)  that  can  be  transmitted 
through  each  lens.  However,  this  limit  is  already  constrained  in  the  MIP  plane  by  the 
allowable  density  of  detectors. 
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The  final  configuration  (see  Table  F5)  of  the  memory  distribution  network  was 
chosen  based  on  these  observations  and  the  availability  of  optics  for  recording  lenses  in 
the  automated  exposure  system.  The  MEP  element  was  designed  to  receive  an  8  x  8  array 
of  input  pixels  on  a  125  |im  pitch. 

The  system  was  constructed  using  a  tunable  Ti: Sapphire  laser,  a  fixed  input 
memory  page,  the  lens  array,  the  MIP  chip,  an  LV/500  chip  tester  to  communicate  with 
the  MIP  chip,  and  a  486-33  MHz  PC  to  act  as  the  processing  element.  The  PC  controlled 
the  wavelength  of  the  illumination  source;  it  could  request  sub-fields  of  the  memory  by 
changing  the  wavelength  and  accessing  pre-stored  lenses  in  the  interconnect.  The  PC 
also  controlled  the  LV/500  chip  tester  which  was  used  to  read  the  data  from  the  MIP  chip. 

The  PC  controlled  the  system  via  sychronous,  serial  communication.  It  performed 
all  the  necessary  handshaking  between  the  wavelength  tuning  and  the  subsequent 
reception  of  data  from  the  LV/500.  The  role  of  the  LV/500  was  to  provide  the  precise 
timing  necessary  to  operate  the  chip.  This  included  the  pre-charge  pulse  discussed  in 
previously  as  well  as  the  addresses  necessary  to  read  the  values  on  the  detectors.  The 
LV/500  required  both  hardware  and  software  configuration.  Fortunately,  this  device 
could  be  interfaced  to  a  PC  via  the  serial  port  therefore  central  control  of  the  system  was 
provided  by  the  PC. 

The  opto-electronic  system  is  diagrammed  in  Figure  FI  and  a  photograph  of  the 
actual  system  is  included  in  Figure  F2.  The  input  to  the  system  was  an  optical  memory 
page,  represented  on  an  emulsion  plate.  This  was  illuminated  by  the  TitSapphire  source 
and  the  object  propagated  towards  the  polarization  optics  and  hologram  mount.  As 
mentioned  previously,  the  hologram  was  mounted  on  a  kinematic  mount  in  order  for  it  to 
easily  moved  between  the  recording  system  and  the  interconnect.  The  kinematic  mount 
was  affixed  to  the  same  mount  that  held  the  polarization  optics  (beam  splitter  and  quarter- 
wave  plate).  The  optical  distance  between  the  hologram  and  the  object  was  80  mm.  By 
virture  of  using  a  unity  magnification  imaging  system  for  the  interconnect,  the  distance 
between  the  chip  and  the  hologram  was  also  80  mm.  The  chip  was  mounted  on  a 
translation  and  rotation  stage  as  was  the  input.  In  essence,  the  hologram  and  polarization 
optics  were  fixed  and  the  other  two  components  were  aligned  to  it.  The  chip  was 
connected  with  the  LV/500  by  using  a  standard  50-pin  ribbon  cable  (sufficient  for  low 
speed  operations). 
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Detector 

Size 

F/# 

Lens 

Diameter 

Object 

Size 

Foeal 

Length 

Volume 

perMIP 

Number 

ofMIP's 

Number 

of 

Viewable 

Sub- 

Fields 

12 

2  mm 

2  mm 

12  mm 

150 

1 

25  um 

31 

2  mm 

2mm 

31  mm 

975 

1 

50  |im 

62 

1 

2  mm 

2  mm 

62  mm 

3900 

49 

100  |im 

1 

125 

2  mm 

2  mm 

125  mm 

2000 

mm^ 

15000 

841 

Table  FI.  Architecture  variations  for  different  detector  sizes 


Detector 

Size 

F/# 

Lens 

Diameter 

Object 

Size 

Focal 

Length 

Volume 

per  MIP 

Number 

ofMIP’s 

Number 

of 

Viewable 

Sub- 

Fields 

31 

1  mm 

1  mm 

15  mm 

975 

1 

31 

2  mm 

2  mm 

31  mm 

975 

1 

25  |im 

31 

3  mm 

3  mm 

46  mm 

975 

1 

25  |im 

31 

4  mm 

4mm 

62  mm 

4000 

mm^ 

975 

1 

Table  F2.  Architecture  variations  for  different  lens  sizes 


47 


Detector 

Size 

F/# 

Lens 

Diameter 

Object 

Size 

Focal 

Length 

Volume 

per  MIP 

Number 

ofMIP's 

Number 

of 

Viewable 

Sub- 

Fields 

31 

2  mm 

0.25  mm 

31  mm 

975 

225 

31 

2  mm 

0.5  mm 

31  mm 

500  mm^ 

975 

49 

25  |im 

31 

2  mm 

1  mm 

31  mm 

500  mm^ 

975 

9 

25  |im 

31 

2  mm 

2mm 

31  mm 

975 

2 

Table  F3.  Architecture  variations  for  different  object  sizes 


Detector 

Size 

F/# 

Lens 

Diameter 

Object 

Size 

Focal 

Length 

Volume 

per  MIP 

Number 

ofMIP's 

Number 

of 

Viewable 

Sub- 

Fields 

40 

2  mm 

1  mm 

40  mm 

640  mm3 

1600 

25 

Table  F4.  Final  system  configtiration 
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Fig.Fl.  Block  diagram  of  the  experimental  memory  distribution  network. 


Appendix  G 

Application  Demonstration  -  Parallel  Data  Base  Search 

Using  the  MDN  prototype  system,  we  have  demonstrated  how  to  use  a  large  array 
memory  distribution  network  to  implement  a  parallel  search  through  an  optical  memory. 
For  this  demonstration,  a  high  resolution  emulsion  plate  was  used  as  the  memory  page. 
The  memory  page  consisted  of  a  4  x  4  array  of  sub-fields.  Each  sub-field  contained  64 
bits  of  information.  Four  lens  arrays  (4  x  4)  were  multiplexed  in  the  material  at  separate 
wavelengths  to  create  four  separate  interconnects  to  redistribute  the  memory.  Because 
the  chip  could  only  view  a  single  sub-field  of  memory,  the  output  of  the  interconnect  was 
captured  using  a  CCD  camera  to  view  the  redistribution  of  the  entire  memory  page,  while 
the  chip  was  used  to  view  and  capture  and  retransmit  a  single  sub-field. 

The  data  for  this  demonstration  was  chosen  to  illustrate  how  this  type  of  system 
might  be  used  to  search  airline  flight  data  for  travel  agents.  The  sub-field  was  divided 
four  segments:  the  name  of  the  airline  company,  the  destination  of  the  flight,  the 
departure  time,  and  the  arrival  time,  (see  Figure  Gl)  Airline  data  for  flights  out  of  San 
Diego  to  New  York  City  was  compiled  and  encoded  on  a  memory  page  (Fig.G2). 

The  interconnect  designed  to  access  this  information  was  based  on  dividing  up  the 
memory  page  into  blocks  of  memory  (4  sub-fields)  that  could  be  rapidly  searched  using 
the  reconfiguring  interconnect  and  the  MIP  chip.  The  interconnect  allowed  a  single  MIP 
chip  to  sequentially  access  four  sub-fields  of  memory  by  changing  the  wavelength  of 
illumination  and  accessing  one  of  the  four  holograms  stored  in  each  location  in  the  lens 
array.  By  distibuting  different  quieries  to  each  element  in  a  block  (4  MIP  chips),  the 
memory  page  can  be  scanned  in  parallel.  Figure  G3  illustrates  the  permutations  of  the 
interconnect.  Four  lens  arrays  were  designed,  recorded,  and  aligned  to  realize  these 
permutations. 

The  results  of  this  interconnection  pattern  are  illustrated  in  Figure  G4.  The  entire 
memory  page  is  shown  in  each  stage  of  the  interconnect.  The  MIP  chip  was  aligned  to 
the  upper-right  comer  of  the  lower-left  block.  The  input  to  the  chip  for  each  wavelength 
is  shown  in  Figure  G5.  The  PC,  acting  as  a  processing  element  connected  directly  to  the 
MIP,  would  request  a  sub-field  of  memory  by  tuning  the  wavelength  of  the  Ti:Sapphire 
laser  source,  thereby  reading  out  the  appropriate  holographic  interconnect.  The 
information  from  the  MIP  would  then  be  transmitted  to  the  PC  via  the  LV/500.  The 
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software  on  the  PC  could  be  programmed  to  search  for  any  of  the  attributes  of  the  field 
(destination,  airline,  departure,  or  arrival  information).  Figure  G6  shows  the  software 
interface  for  controlling  the  laser  wavelength,  receiving  the  MIP  chip  transmission,  and 
searching  the  database  for  an  entry  matching  a  query.  In  this  case,  the  PC  was  searching 
for  a  flight  landing  in  JFK  airport. 
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Fig.Gl.  Sub-field  memory  organization:  64  bits  per  sub-field  containing  airline  flight  information. 


Fig.G2.  Entire  memory  page  of  encoded  airline  data. 
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Original  Configuration  of  the 
Mem or>’ Page: 


Cycle  Counter  Clockv^  ise:  X3 
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Fig.G3.  The  memory  page  was  further  divided  into  blocks  (bold  outlines).  Inside  a  single  block  a 
MIP  (white  cell)  would  be  able  to  access  all  the  infomiation  in  that  block. 
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Fig.G4.  Four  configurations  of  the  interconnect  used  to  demonstrate  pai'allel  search  of  a  page 

oriented  memory. 
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Fig.G5.  Data  input  to  the  MIP  chip  located  in  the  upper-right  comer  of  the  lower-left  memory 

block  shown  in  Fig.G2. 


Fig.G6.  Software  on  PC  to  control  the  laser  wavelength,  receive  the  MIP  chip  transmission,  and 

search  entries  in  the  database. 
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